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Abstract 
Composite stiffened panels are suited for use on the primary structures of aircraft 
due to their high specific strength properties when compared to metal alloys. How- 
ever, their potential to provide yet stronger and lighter structures is not realised 
as there is a high strength reserve in the post-buckling range that is not utilised in 
practice. This is due to a lack of understanding of the catastrophic failure of such 
structures; this needs to be addressed. The research reported here investigates the 
failure mechanisms that take place when a post-buckled stiffened panel fails. The 
application of element tests to represent the conditions at failure initiation has been 
investigated experimentally. A methodology for predicting failure in a full-scale 
stiffened panel from representative element tests has been proposed. Furthermore, 
parametric studies have been conducted on element tests to investigate the effects 
on failure behaviour. Verification of this methodology was attempted by conduct- 
ing full-scale panel tests and comparing the results, however it was thought that 
premature failure occurred due to a defective adhesive. Consequently, the proposed 
methodology has been neither discarded nor verified. The suitability of using the 
Digital Image Correlation technique to monitoring strain conditions under composite 
failure has also been assessed and successfully applied to the reported experimental 
studies. 
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Nomenclature 
a22 Direct stress component 
Ir2j Shear stress component 
X Strength associated with 1-1 direction 
Y Strength associated with 2-2 direction 
Z Strength associated with 3-3 direction 
R Shear strength associated with 1-3 direction 
S Shear strength associated with 1-2 direction 
T Shear strength associated with 2-3 direction 
F2j Tsai-Hill failure criterion constants 
U Deformation gradient tensor 
q Strain component 
'y2j Shear strain component 
EZi Stiffness 
G2j Shear stiffness 
v Poisson's ratio 
D23 Flexural stiffness 
I Second moment of area 
iandj=1,2,3, x, y, z 
Coordinate directions are defined as: 
Stiffened element 
Z 
y. 
Lamina level 
ý ý', 
/Mý 
fibres 
1 
ri. - rr ----1 -----1 
CHAPTER Z 
INTRODUCTION 
The use of carbon fibre reinforced polymers (CFRPs) in aircraft structures has been 
steadily increasing primarily due to their high specific strength properties compared 
to light alloys, as well as their ability to have tailored directional mechanical prop- 
erties. The potential to make stronger yet lighter aircraft structures has led to 
much research in the composite field. As a consequence, it is becoming more coIll- 
mercially viable to use CFRPs in a widening range of aeronautical (both military 
and civil) and industrial applications such as pressure vessels and wind turbine 
rotor blades. 2 However, further improvements and a better understanding of the 
behaviour of CFRP structures are still needed to use these materials with confi- 
dence and more efficiently. 3'4 The particular focus of the research reported here 
is improving the postbuckling performance of composite stiffened structures, which 
are critical structural components used in aircraft. 
Currently, aeronautical design guidelines for stiffened panels do not allow any degra- 
dation in the `safety zone', which extends from the buckling load up to the ultimate 
load, 5 limiting the weight-saving potential of using composites in these structures. 
The work reported in this thesis aims to address this situation by improving the 
understanding as to how such structures fail when in the postbuckling regime. Fully 
characterising the damage mechanisms and failure processes of a stiffened panel is 
the key to achieving confidence in the design of these structures. 
The aims of this thesis are: 
" to characterise the actual failure process of postbuckled composite stiffened 
panels; 
" to investigate the validity of current experimental methods for representing 
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the failure of stiffened panels; 
" to determine the parameters that influence stiffened panel performance and 
from this suggest methods for design improvements: 
" to develop an industry-friendly design methodology for stiffened panels 
To achieve the aims stated above, firstly a review to assess the current status of 
research in the relevant areas was conducted on the open literature, which has been 
presented in Chapter 2. This further strengthened the necessity of characterising 
the physical failure mechanisms in stiffened panels as well as highlighting element 
tests that could represent this failure process. The review resulted in a refinement 
of the aims presented above and a detailed research structure was proposed (Sect ion 
2.10). Failure characterisation of a stiffened panel was then carried out in Chapter 
3. From surveying the literature for experimental measurement techniques, dig ital 
image correlation (DIC) was found to be a measurement system that could extract 
data to further aid the investigation of conditions under which failure initiated and 
occurred; this was studied in detail and reported in Chapter 4. This has then been 
heavily used in conjunction with the experimental tests that have been undertaken 
in Chapters 5 and 7. Failure characterisation of a selection of element tests seen in 
literature was carried out in Chapter 5; these were then used in a parametric study 
on the effect of design variables in stiffened element failure which was reported icy 
the same chapter. The conditions for failure initiation in both the bending element 
tests and the stiffened panel were characterised using finite element models and 
indicated a link between the two. This resulted in the proposed stiffened panel 
design methodology based on the bending tests which was detailed in Chapter 6. 
This chapter also extrapolated the findings from the parametric studies to potential 
failure behaviour in a full-scale stiffened panel. The design methodology was then 
tested in Chapter 7, involving full-scale compression testing of two stiffened panel: 
one that had a similar configuration to the panel studied in Chapter 3 and another 
with a varied stacking sequence. 
CHAPTER 2 
LITERATURE SURVEY 
2.1 Overview 
A survey of the open literature was carried out to ascertain the current ,t at e of 
research in composite stiffened panels. Fundamental composite failure mechanisms 
and experimental techniques to characterise these were also focussed on. This re- 
sulted in a refinement of the original research aims that were stated in Chapter 
1. 
2.2 Composite materials 
2.2.1 Composite fracture and failure mechanisms 
In CFRPs, there are a number of failure mechanisms that dictate mechanical per- 
formance. These mechanisms fall into two groups: the processes are either fibre or 
matrix dominated. The most critical damage mechanisms pertinent to the research 
reported here are fibre microbuckling, delamination and ply cracking. 
2.2.1.1 Fibre dominated: Microbuckling (translaminar compression) 
When a unidirectional composite undergoes compression 
loading. three possible f. til- 
ure modes can occur: 6 
1-1 
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" Longitudinal splitting, leading to delamination buckling; this mode is seen in 
composites with a weak fibre/matrix bond. 
" Fibre microbuckling and kink band formation; this is the most common failure 
mode reported in compressive failure of composites" and occurs when there 
is localised collapse within a narrow zone. 9 
" Fibre crushing; this is the highest strength failure out of the three modes, and 
is not usually seen due to fibre kinking at lower stress levels. 
In studies conducted on unidirectional laminates, ', 0 the compressive strengths were 
found to be highly dependent on the fibre/matrix bond strength, as this influenced 
the failure mechanisms as described above. An increase in the interface strength 
increases the load required to induce transverse tensile failure of the interface from 
the Poisson's effect. A high fibre/matrix adhesion can prevent local buckling and 
give additional lateral support to the fibres from the matrix. " 
The formation of kink bands was studied experimentally in microscopic detail by 
Narayanan and Schadler8 and the following sequence of events during kink band 
initiation was observed. 
1. Formation of a damage nucleus with a few crushed fibres due to breakage 
during or before processing or fibre misalignment. 
2. Growth of the damage nucleus due to the presence of a strain concentration 
on the intact fibre adjacent to the broken fibres. 
3. Formation of a damage zone, where the size and shape is dependent on the 
interface properties. 
4. Formation of kink bands. 
5. Kink band formation can lead to longitudinal splitting in materials with strong 
interfaces, whereas longitudinal splitting in materials with weak interfaces will 
initiate kink bands. 
2.2.1.2 Matrix dominated: Delamination (interlaminar fracture) 
Delamination is when two layers within a laminate separate. It is considered to be 
the critical weakness in laminated composite materials as a crack can easily prop- 
agate within the relatively weaker resin rich/matrix region 
between the layers. 12-15 
For analysis, delamination is partitioned into three pure fracture modes; opening or 
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peel (mode I) and the two shear modes; interlaminar shear (mode II) and interlam- 
inar tearing (mode III). 
The concepts of fracture mechanics have been successfully applied in the study of 
delamination. ls> 17 The loading condition is expressed in terms of a strain energy 
release rate (G), with the initiation of delamination defined as the critical strain 
energy release rate (Ge); a material constant. Experimentally, G, can be determined 
using standardised tests; the double cantilever beam (DCB) test is employed for 
mode I (G1 ), 18 the end loaded split (ELS)19 or the end notched flexure (ENF)2° 
tests for mode II (G11 ). Experimental tests are in development for mode III (Giza, )-. 
at present, the preferred method is the edge cracked torsion (ECT) test. 21 The 
standardised test for controlled mixtures of I and II (GI I,, ) is the mixed mode 
bend test (MMB). 22 
As delamination is such a critical damage mechanism, G, values are important pa- 
rameters used in designs to predict structural failure. Therefore the measured values 
used must be accurate and truly represent the structural failure mode without the 
influence of test condition dependent artifacts such as fibre bridging (Figure 2.1). 23 
Many studies have been undertaken to investigate the variables that influence G, 
under pure and mixed-mode loading conditions, in unidirectional as well as multi- 
directional layups. 24-28 Such variables include constituent properties, fibre/matrix 
interface properties, influence of inaccuracies in ply orientation (for unidirectional 
laminates) as well as the ply orientations at the delamination interface in multidi- 
rectional laminates. 
Fiber 
Side 
Fibers Cracks 
Main 
Crack 
Height 
Real 
Fracture 
Surface 
Profile 
Polymer Crack Bridging 
Matrix of Fibers 
Figure 2.1: Toughening mechanisms at a crack tip23 
The standardised pure and mixed mode tests only cater 
for unidirectional laminates. 
Further work has been undertaken to extend the applicability of 
DCB specimens to 
take into account multidirectional interfaces 
24,27' 29 which generally yield larger GI, 
values due to the additional failure processes that are present 
(e. g. fibres bridging 
Plastically Deformed/ 
Microcracked Matrix 
2. LITERATURE SURVEY _iý 
the crack, fibre pull-out from ply interface jumping). Results from some numerical 
studies conducted on these tests25,26 indicate that the critical G1, values are inde- 
pendent of the ply interface when these additional failure surfaces are taken into 
account. By conducting unidirectional tests as specified in the standards. =' 19.2 't 
conservative evaluation of the fracture energy is obtained. 
Although it seems that these tests can yield valuable material information, there are 
limitations in their applications such as yielding information from multidirectional 
and woven laminates. 
2.2.1.3 Matrix dominated: Matrix cracking (intralaminar fracture) 
As the matrix material within a composite is relatively weak, matrix cracking is 
often encountered in the early stages of damage formation. 3° This is the dominant 
initial failure mechanism seen in laminates during localised otit-of-plane loading 
such as impact. " Although not necessarily critical by itself, these matrix cracks 
provide sites of stress concentration that can initiate other failure mechmusins, such 
as delamination. It is largely dependent on the interface bond strength between the 
fibre and the matrix. This was demonstrated by Hobbiebrunken et al. 32 in a st udy 
that showed either an interfacial (adhesive) or matrix (cohesive) failure when the 
interface was weak and strong respectively. 
Ply splits are often initiation sites for delamination failure to occur as they present 
stress concentrations into the composite. Cracks that jump ply interfaces also iisli- 
ally manifest themselves through ply splits. Intralaminar failure is governed by 
the matrix and the fibre/matrix interface properties. Depending on the relat ive 
strengths of these, intralaminar failure can occur in the following ways: 
" Low matrix strength promotes cohesive fracture within the matrix adjacent t cý 
the fibres (Figure 2.2a); 
" Low fibre/matrix interface strength promotes fibre/matrix interface 
failure 
(Figure 2.2b); 
" High fibre/matrix interface strength promotes translaminar 
failure, involviii, 
longitudinal splitting of the fibres (Figure 2.2c). 
33 
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Figure 2.2: Ply cracking mechanisms" 
2.2.2 Interaction between damage mechanisms 
.)1 
Ultimately, damage development in a composite is always a combination of the 
damage mechanisms, which usually interact with each other. Although each of 
these damage mechanisms can occur in isolation, the local material deterioration 
that results can be accelerated when coupled with other damage mechanisms. 34 For 
example, the initiation of delamination growth from the presence of matrix crack 
has been observed experimentally under a number of different loading conditions ; r'-'; ' 
from coupon bending tests to stiffened panel structural configurations. 36 From t1 ie 
fractographic examination of damage growth from an embedded defect under com- 
pressive loading, it was noted the delamination growth had initiated from the matrix 
crack with a high mode I component, with the proportion of mode II loading in- 
creasing as failure progressed. 35 The presence of matrix cracks, although not critical 
by themselves in the ultimate strength of a structure, can be the limiting factor if 
loading conditions are such that unstable delamination is promoted as soon as such 
a stress concentration is present. This is the design limiting factor in many cases. 30 
At the intersection of delamination fronts with matrix cracks, extreme gradients 
in the variation of the strain energy release rate were encountered in an analytical 
study by Noh and Whitcomb, 38 further emphasising how matrix cracks can influence 
and accelerate delamination growth. 
2.3 Approaches to toughen composites 
Through the study of damage mechanisms inherent in composite failure, toughening 
methods have been proposed to improve damage resistance and tolerance. Toughen- 
ing concepts can be introduced at a variety of levels. At the larger structural/macro 
level, reinforcements such as Z-pinning or stitching can be strategically employed in 
structure specific sites, e. g. reinforcing stitching at the bond between a skin and a 
stiffener. 39 On a smaller/micro scale, the individual constituents can also be mod- 
ified; the matrix can be toughened, ", 41 the fibres themselves can undergo different 
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treatments to modify the fibre/matrix bond strength. 42 At the nano-scale. the addi- 
tion of carbon nanotubes (CNTs) to improve composite material properties i3`, _ are 
in the early stages of investigation with promising results: there is much potential 
to improve structural properties through the inclusion of CNTs to strengthen the 
composite. 
2.3.1 Through-thickness reinforcements 
As weakness to delamination is one of the limiting factors in CFRP, through- 
thickness reinforcements have been seen to enhance the out-of-plane performance 
at the cost of reducing the pristine properties within the composite material. At a 
structural level, stitching and Z-pinning can be used as through-thickness reinforce- 
ments. 
39,46-48 
2.3.1.1 Stitching and Z-pinning 
The effects of stitching and Z-pinning have been found to significantly improve the 
delamination resistance of composites, 12,15,47,49-51 however its effects on other prop- 
erties do vary. The flexural properties of a laminate, for example have been found 
to decrease when Z-pins were inserted. 52 At the very least, both stitching and Z- 
pinning increase the complexity of the damage with additional failure mechanisms, 
which thus improves toughness. The example of reinforcing the skin/stiffener bond 
line via stitching has given better resistance to damage initiation at impact evert s 
but was poorer at suppressing the subsequent damage propagation compared to 
an unstitched panel. 53 The local disturbances in the parent material caused by 
the introduction of these reinforcements can sometimes contribute to failure. 
crostructural damage that has been reported include out-of-plane crimping, in-plane 
distortion, fibre breakage and resin rich area formation around each Z-pin. 54 A nu- 
merical study on the effect of Z-pins on delamination in a post-buckled skin/stiffener 
interface found that Z-pins had the potential to reduce the GI and G11 available at 
a crack front, however GIII did not seem to be affected. 55 The ability to strengthen 
the performance of a stiffened panel in this case would depend highly on how the 
panel fails. 
It appears that there needs to be a selective approach when applying thrw_igll- 
thickness reinforcements to laminates as there is no straightforward overall irllprm-e- 
ment of material/ structural properties. Tentatively speaking, successful application` 
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seem to be at the structural level where global improvements can be seen56 despite 
the varying results seen at the local level. However, the work done at the local level 
is vital for predictive modelling at the design stages. 
2.3.2 Stacking sequence 
Laminated CFRPs offer the opportunity to tailor the laminate properties through 
optimising the stacking sequence and thus efficiently address the loading conditions 
that a structural component will encounter. At the laminate level, structural re- 
sponse can be controlled through adjusting the stacking sequence; whether this will 
strengthen or weaken the structural response is dependent on the specific case. The 
stacking sequence can be optimised for global properties, for example to maximise 
buckling loads in a laminated panel57-59 but the stacking sequence is also vital at the 
macroscopic level, having a strong influence on damage initiation and propagation. 
This has been seen in various studies conducted on impact loading60-62 and based 
on these results, design recommendations that include ply blocking and critical ply 
interface angles can be inferred. Interaction between the damage mechanisms is key 
to the physical concepts behind stacking sequence choice. In one such study by Pu- 
oss et al., 61 recommendations for improving impact damage resistance (which could 
be applicable to other loading conditions) identified the importance of avoiding ply 
blocking. By blocking plies of the same orientation, interlaminar stresses at the 
adjacent interfaces are increased, thus promoting delamination. In addition, fewer 
interfaces for delamination formation are available in laminates with blocked plies. 
Jordan63 demonstrated the effect of changing the stacking sequence whilst staying 
within the same quasi-isotropic layup, by grouping plies on delamination, showing 
the fracture toughness of a laminate can be increased without much change in the 
laminate elastic modulus. Consequently, when damage is to be absorbed through 
delamination formation, having more interfaces will reduce the size of the individual 
delaminations. 64 Competing damage mechanisms such as ply splitting and fracture 
also influence the size and shape of the delamination area. 
62 Dissimilar ply interfaces 
also reduce the amount of energy available for delamination61,61,62 which increases the 
resistance to damage; however, these also promote interlaminar stresses, 
65 which 
means that the type of loading and application of the laminate has to 
be kept in 
mind when optimising the stacking sequence. 
As the most suitable lay-up is case specific, computational optimisation methods are 
usually employed for optimisation. One approach is to define a particular function 
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(e. g. weight reduction) in terms of other input parameters (e. g. ply orientations. 
thicknesses) and look to minimise or maximise this function. ss, =. - 
Another approach is the use of evolutionary algorithms. " - These are based on a 
natural selection process where an optimum design is reached through selection of 
generated solutions. These can be coupled with finite element analyses to analyse 
the structural response of particular configurations, which can then be used as in- 
puts into the evolutionary algorithm. As computational power increases, this seems 
to be a more popular approach to laminate/ structural design optimisatioil. Tile 
disadvantage of this method, other than the high computational costs involved, is 
that it does not take a mechanistic approach to find the `optimum solution'. Al- 
though suitable for some applications such as the stacking sequence optimisation for 
various loading conditions, it may not be as applicable if failure mechanisms and 
improvements on these are to be taken into account. 
2.3.3 Matrix toughening concepts 
Thermoset polymers are inherently brittle due to their highly crosslinked molecular 
structure, and it is because of this brittleness that composites are so susceptible 
to two primary damage initiation modes; matrix cracking and delamination. 
71 Im- 
provements in fracture toughness can be absorbed through higher plasticity of the 
matrix and many approaches to improve the toughening of the matrix have 
been 
studied. 
2.3.3.1 Thermoplastic matrices 
An approach to elevate the material toughness of a matrix is to use 
high perfor- 
mance thermoplastics. PEEK in particular has demonstrated good resistance 
to 
high temperatures and solvents, low moisture absorption as well as having 
high 
fracture toughness. 12,73 However, one problem is the ease at which fibre microbuck- 
ling during compression occurs. 74 
2.3.3.2 Inclusion of micro- and nano-scale particles 
Approaches to toughen thermoset matrices through the inclusion of micro scale 
particles have included incorporating soft (elastomers and thermoplastics) and or 
rigid (glass and ceramic) particles. Moderate improvements in 
fracture toughness 
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were obtained; ", " soft particles tended to compromise other material properties 
including the modulus and high temperature performance. 71 
Recent advances in nanophased materials have allowed to further toughen polymers 
by incorporating nano-sized particles (for example alumina, 71 silicates73-'A and car- 
bon nanotubes45,79,80) These studies have found that material properties of tlieý, fe 
hybrids have been significantly enhanced. These improvements and the toughening 
mechanisms are dependent on the particle sizes, concentrations and the dispersion. 
The toughening mechanisms from inclusions that lead to the increase in fract lire 
toughness include plastic flow and void coalescence for rubber particles; rigid parti- 
cles tend to promote crack trapping and bridging, crack path deflection and micro- 
cracking. 81 
2.3.4 Thermoplastic fibres 
The introduction of thermoplastic fibres to a textile can be achieved through coweav. - 
ing or comingling which has been shown by Hogg53 to imbue impact energy absorp- 
tion. It was proposed that these improvements may have been due to early debond- 
ing between the thermoplastic fibre and the matrix as the fibre/mat. rix bond was 
lower, allowing a maximum amount of fibre deformation. This increased t he amount 
of bridging and plastic deformation within the fibres. 
2.3.5 Interleaving 
Interleaving is another process that has been used to increase the interlaminar prop- 
erties of laminated composites. This involves inserting a thin sheet of material be- 
tween the plies of composite laminates during fabrication. Materials used for t his 
interleaf layer have included adhesive or thermoplastic films and carbon fibre mats, 
which have been successfully demonstrated to increase the fracture toughness in 
mode II delamination, 82 impact resistance and, in some cases, damage tolerance 
in compression after impact. 83 However, decreases in flexural moduli" as well as 
promotion of microbuckling (for interleaves with low moduli)" have 
been o}bserv-ed. 
The interply region is successfully toughened by two effects: one is to include an 
interleaf with a higher toughness than the original resin and the other is to 
increw''e 
the thickness of the resin rich region. 
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The use of non-woven carbon fibre mats 2 increases the mode II delaminat ion resi1- 
tance as the mat fibres were able to act as obstacles to the crack path. constraining 
crack propagation to the resin-rich region between the mat and the unidirec, iona. l 
plies. 
Increasing the interlayer thickness by using a self-similar epoxy interleave signifi- 
cantly increases the mode II fracture toughness; however no improvement in mode 
I was realised. The toughness of the interleaf is important to improve mode I prop- 
erties, whilst the interlayer thickness dominated in mode II85 since a larger damage 
zone can develop under mode II because of the deeper resin rich region. ion. 
2.3.6 Improvements in the fibre/matrix bond 
The interfacial bond between the fibre and matrix is crucial in binding, and load 
transfer between fibres and thus plays a large part in determining the mechanical 
properties of the material. However, there is a balance between the benefits of a 
strong or weak fibre/matrix bond (summarised by the Cook-Gordon mechanisill"); 
a poor fibre/matrix bond will result in ineffective load transfer, whilst a strong 
bond can reduce the translaminar fracture toughness of a composite. 42 To optimise 
this bond requires work on the microstructural level where treatments are applied 
to the fibres that improve the bonding. Depending on the type of fibre, different 
surface structures will require different treatment methods. The general approach 
is to modify the fibre surface physically, chemically or by a combination of both. 
Physical modifications include increasing the surface area by surface treatment, 
which generally increases the reactive sites for bonding between the fibre and matrix 
to occur. Fibre surface chemical structure treatment is dependent on the matrix 
used; these are done to improve the compatibility of the fibre and the matrix so the 
fibre surface functional groups can chemically react with the matrix, thus formirr 
covalent bonds. 
Treatment of fibres to improve the fibre/matrix bond strength generally tends to 
increase the interlaminar shear strength of the composite, improving resistance to 
delamination, however other properties such as tensile strength have been been to 
decrease in some cases, 87 due to an increase in brittleness and thus susceptibility to 
defects. 
None of the toughening concepts introduced in this section impart universal im- 
provements; to use these effectively, consideration of the potential and most probable 
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failure mechanisms in a structure must be taken and the most suitable toughening 
concept applied accordingly. 
2.4 Stiffened panels 
The focus of the research described here is stringer stiffened panels which are one 
of the main structural components used on aircraft to carry compressive loading. 
Traditionally, these elements have been made from metals but there is an increasing 
trend to replace such structures with composite materials to decrease the overall 
weight of the aircraft. 
Stiffened elements consist of two components; the panel skin and the stiffeners. 
The element skins, by definition, have a very large length and width to thickness 
ratio, making them susceptible to buckling. Stiffeners are structural members that 
are resistant to buckling because their geometry imbues them with a high second 
moment of area, increasing the bending stiffness (Figure 2.3). The attachment of 
stiffeners to the skins are an economical and efficient means to increase the buckling 
resistance of a flat or curved panel. 
Figure 2.3: Examples of stiffener configurations 
There are different methods of attaching composite stiffeners onto the element 
skins: 88 
" Co-curing: The stiffeners and skin are laid up separately prior to being cured 
together in one shot. 
" Co-bonding: The stiffeners are cured first and bonding takes place through 
curing with an adhesive layer on an uncured skin. 
" Secondary bonding: The stiffeners and skin are cured separately and then 
bonded together using an adhesive. 
" Integral stiffeners: The stiffeners are directly formed from the skin. 
I- stiffener Blade stiffener Hat stiffener 
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The primary loading considerations when designing composite stiffened panels are 
dependent on where they will be used; on an aircraft wing for example. a combination 
of shear and compression will be experienced due to torsion and bending of the win`_; 
respectively. Buckling and post-buckling behaviour of stiffened panels due to these 
loading states, as well as the resulting damage and failure from in-service threats is 
the focus of much research ; 61,89--95 this has been detailed in Section 2.8. 
2.5 Buckling and postbuckling 
At a critical compressive load, a stiffened panel will enter the post-buckling regime 
(Figure 2.4b). Experimental studies have shown that the failure strength of a carbon- 
fibre stiffened panel in post-buckling can be up to several times higher than the 
buckling load, particularly if the skins are thin. 96 Such a finding demonstrates that 
considerable load carrying capacity in the post-buckling regime can be exploited 
by the designer and justifies the research interest in understanding post-buckled 
behaviour of composite panels. 
Load 
Buckling 
0 
Load 
Limit point 
Bifurcation points 
Secondary bifurcation 
Behaviour of a real shell 
Prebuckling I Postbuckling range 
Displacement 
range 
(a) Shell i. e. flat/unstiffened panel (b) Stiffened panel 
Figure 2.4: Buckling behaviour of a shell and a stiffened panel, reproduced from 
Geier97 
Figure 2.4 shows the possible load-displacement paths for both an unstiffened and 
a stiffened panel under compression. The points at which the solutions branch 
from 
the primary loading path are the bifurcation points. The first bifurcation point 
is also known as the buckling load. If a secondary bifurcation point is met. the 
deformation mode will change, mode switching into a different buckle geometry. 
The deviation seen in the real structure from theory is due to imperfections th. +t 
End displacement i A, 
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are inevitably present in materials and structures; these are represented as dotted 
lines in Figure 2.4 compared to the load path of a perfect panel, represented by solid 
lines. Post-buckling analysis is non-linear due to the additional in-plane stresses, 
strains and rotations that are caused by the out-of-plane deformations. Figure 2.5 
introduces some terminology in relation to buckled shells. In the post-buckled state, 
although the structure experiences large deflections, it can still support considerable 
additional loads, exhibiting post-buckling strength. The various possible buckling 
modes that stiffened panels can encounter 97 
" local buckling, involving only the skin leaving the stiffeners undeformed: 
" lateral web buckling in panels with blade stiffeners or wall rippling in other 
stringer geometries; 
" overall global buckling involving the skin and part of the stiffener. 
All these modes will support loads in the post-buckling regime, however as defor- 
mations will be different between each mode, the local stresses and strains will 
be different which may influence failure mechanisms encountered by the composite 
stiffened panel. This is further described in Section 2.8. 
Buckle Crest / Antinode 
Buckle Trough / 
Node 
l 
ýf 
Figure 2.5: Schematic of a buckled stiffened panel skin 
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2.6 Experimental tools 
2.6.1 Experimental measurement systems 
When conducting a compressive test on a stiffened panel. recording the in-plane 
and out-of-plane deformations of the element is invaluable especially for validatin 
models or establishing the stress states that exist within the panel under certain 
deformations. Strain gauges are the conventional means of obtaining strain data 
over a local site and can provide information at strategic locations of a structure. 
However, other methods provide full-field information and are able to bridge the 
gap between simulation and experiments. 
2.6.1.1 Strain gauges and LVDTs 
Strain gauges are commonly used to measure strain at a point on a specimen. St rain 
gauges are wired into a Wheatstone bridge circuit and a constant voltage is applied. 
When the test specimen is deformed, so is the strain gauge and the electrical re- 
sistance; consequently the voltage offset changes in proportion to the strain experi- 
enced. Accuracy of the result can be affected by the quality of the bonding between 
the gauge and the specimens and transverse sensitivity. 
Linear variable differential transformers (LVDTs) are used to measure displace- 
ments. A voltage output, which is proportional to the LVDT core displacement 
over a specified range, is produced when the core in the device moves. The resolu- 
tion is dependent on the electrical system processing the input signal. 
2.6.1.2 Shadow Moire 
Studies on postbuckling stiffened panels to date have generally used shadow Moire to 
visualise the full-field out-of-plane deformation field. This method employs a gratin, 
placed in front of the specimen surface with a collimated light source shining through, 
creating alternating lines of illuminated and shaded areas on the surface. The optical 
interference of the grating and the shadow with these surface lines produce fringes. 
When the surface deforms, contours of fringes representing constant otit-of-plane 
displacements are observed. This method can be used to measure the deformation 
of an object by comparing the grating pattern before and after the applied stress. 
"' 
2. LITERATURE SURVEY 
2.6.1.3 Digital image correlation 
31 
The digital image correlation (DIC) technique has been used in a variety- of ap- 
plications ranging from measurement of the strains at crack tips99 to glacial flow 
monitoringloo and has proved to be a robust measurement system. This method 
is particularly applicable for obtaining measurements in the following situations 
(amongst other applications): 101 
" Measurement in heterogeneous tests where single measurements by strain 
gauging are not sufficient, e. g. in strain/damage localisation and crack ini- 
tiation and propagation cases. 102-104 
" Measurement in tests that require contactless techniques e. g. experiments in 
hot, corrosive environments or soft or porous solids. '05 
" Material property identification and validation of constitutive models. 
There are two categories of data procurement using DIC. One entails using a laser as 
the illumination device; the main techniques in this category are holographic/shearing 
interferometry, electronic speckle pattern interferometry (ESPI) and laser speckle 
photography. The other category uses white light in fringe projection methods such 
as Moire and speckle photography. Hild and Roux10' have recommended that the 
first category are generally not suitable for experiments in conventional testing lab- 
oratories due to the careful equipment preparation that is needed. Therefore, the 
latter will be considered in more detail. 
In summary, material deformations are measured using DIC by capturing images 
of an object that is deforming. The image is split into pixels and coordinates k-ire 
allocated to these. The coordinates in the first image are the reference state, where 
the object is undeformed. In subsequent images of the deforming object, the images 
are compared and the the displacements and strains of the object are calculatecl. 106 
In the images taken, each pixel is assigned a grey value corresponding to the intensity 
of the light that was recorded at that point. As a pixel on its own is not a unique 
signature on the surface of the measured specimen, a collection of pixels forming 
a facet is used. This facet can have varying sizes, e. g. 7x7,9 x : 5,1 5x 1. T pixels, 
etc, with varying step sizes for the location of the next facet (defining the overlap 
between neighbouring facets). Over the whole field, a random speckle pattern On 
the surface of the loaded specimen will allow for uniqueness between the facets. 
A digital grey field of the measuring sample is studied from images before and 
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after deformation, and an assumed displacement field is applied to calculate an 
image correlation function (a measurement of similarity). Ideally, the correlation 
function equals 1 when there is a perfect correlation between the two images. but 
from experimental data, the function is maximised (as close to 1 as possible) by 
assuming different displacement fields. The displacements calculated are averaged 
over the facet and is expressed in terms of the centre of each facet. This is repeated 
for all facets and from this, the deformation and strain of the entire specimen surface 
is obtained. 
A study to evaluate the accuracy of the results obtained from the DIG to conven- 
tional strain gauges was carried out on the DIC system in the Aeronautics De- 
partment of Imperial College. 1°7 This involved tensile loading of a steel and a 
CFRP specimen, and subsequently comparing the strains recorded in the strain 
gauge rosettes to those computed by the DIC. An average percentage difference 
of 2.5% was reported, which was a good agreement between the two measurement 
systems. 
DIC is starting to be used in composites to monitor full-field displacements and 
strain behaviour. 108-110 Studies on the applicability of the DIC technique to areas 
of high strain gradients in a nonhomogeneous strain field has been conducted on 
composite specimens by Lagattu et al-"', 112 and found the quantitative results ob- 
tained through the DIC reliable as long as care was taken to choose an appropriate 
resolution size. This resolution size is dependent on the actual strain gradient be- 
ing measured and the accuracy required, as the amount of noise and accuracy is 
influenced by the facet size. A study by Lecompte et al. 113 further showed the im- 
portance of choosing the actual speckle pattern, together with the resolution size on 
the accuracy of the results obtained. Three different speckle patterns were numeri- 
cally deformed using finite elements and the results compared to the displacements 
measured with DIC software. It was also concluded that the facet size should be 
chosen according to the deformations that are expected, and the deformation/strain 
gradients that will be measured. For example, if large deformation/ strain gradients 
are encountered, a large facet size will smooth out the true behaviour. 
Other papers using DIC on composite fracture include concrete. 
"' dissimilar ma- 
terial interfaces (FRP/concrete) 104 and glass fibre reinforced polynlers. "5 In the 
latter, the displacement field of a single edge notched specimen loaded in tension 
was obtained to partly characterise the deformation and fracture process. In all 
these cases, the DIC technique was deemed to be suitable to study the development 
of cracks. 
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2.6.2 Fractography 
Fractography, the study of fracture surfaces to obtain information about failure, 
is an important technique to studying the physical mechanisms that during failure 
of a component. Fracture surfaces exhibit particular morphological characteristics, 
providing an indication of the loading conditions and stress state that were present at 
failure. Load conditions such as tension, compression, flexure, and the delamination 
mode can all be uniquely characterised from the fracture surface morphology and 
from this, directions of crack propagation can be deduced. The main advantage of 
using fractography in conjunction with experiments is that the actual physical failure 
processes are deduced. This provides an insight into the physical mechanisms that 
dictate the material properties or failure strength measured, and thus contribute to 
more refined and realistic predictive models or failure criteria. The fracture surfaces 
that result from the various modes of failure pertinent to this research are discussed 
further. 
Delamination mode I Various features are associated with this mode of failure. 
On the macroscopic level, the fracture surfaces are dark and shiny. Microscopically, 
matrix cleavage, feathering and riverlines (Figure 2.6) are apparent. These are 
formed when microcracks or cracks on slightly displaced planes advance and join, 
forming discontinuities. Crack directions can be deduced from these features. 33 
Riverlines 
Fibre 
track 
Figure 2.6: Mode I delamination fracture morphology (x2k), crack growth direction 
represented by full arrows33 
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Delamination mode II Failure within the matrix in this loading condition gives 
rise to features known as cusps. These are formed by the coalescence of microcracks 
that form in the damage zone ahead of the crack tip, which due to the stress state, 
will be tilted at an angle to the interface. The shearing direction can be determined 
from these, as can the crack growth direction (Figure 2.7). As the fracture surface is 
inherently rough due to these shear cusps, macroscopically, the surface will appear 
dull and smooth in comparison to mode I surfaces. 33 
Fibre 
Cusp 
CLASP 
rr prn nt 
Figure 2.7: Shear and crack growth directions (half arrows and full arrows respec- 
tively) obtained from cusp orientation on a fibre and matrix dominated fracture 
surface (x 5k) 33 
Delamination mixed mode I/II Depending on the mixed mode ratio, there 
will be a variation on the tilt angle, shape and frequency of the cusps: increasing as 
the mode II component increases. 
Compression failure The mechanisms of interest in compression failure are mi- 
crobuckling and shearing of the fibres within the matrix. A schematic 
diagram of 
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microbuckling is shown in Figure 2.8a. Groups of fibres within the same region tend 
to fail in unison since the failure of one fibre will influence its neighbour, and thus 
kink bands form. 7,8 Kink bands (Figure 2.8b) result from the flexural failure of a 
group of fibres; evidence of which can be seen in Figure 2.8c, where the fibre ends 
exhibit a line representing the neutral axis as failure occurred in tension and com- 
pression on either side of this axis. Microbuckling and subsequent damage formation 
can be triggered by when the support given to fibres is reduced, which can be due 
to structural geometry such as the presence of a notch or damage initiation in the 
surrounding material. Microbuckling will subsequently occur towards the weakened 
area. Assessing the direction of compressive failure can help determine the failure 
sequence in fracture surfaces with a mixture of different failure modes. The matrix 
properties have an effect on microbuckling as a material with a matrix of a high yield 
stress or fibre/matrix interface will have the tendency to fail instead via shearing. 
+ 
loop$$$ 
ýwý# 
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(a) Microbuckling leading to kink band 
formation 
Microbuckl datr x 
Neý""a ax s 
(c) Failed fibre ends from compressive loading, (x 2.5k) 
Figure 2.8: Compression fractures33 
(b) Kink band formation due to 
compression x 100 
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Intralaminar failure - matrix cracking Matrix cracking is commonly seen in 
composites due to the low transverse strength between the fibres. The macrome- 
chanics have been summarised in Section 2.2.1.3. Matrix cracks can be generated 
by intralaminar peel, shear or a mixed-mode loading condition (Figure 2.9) which 
in turn can become initiation sites for further damage, particularly delamination 
(Figure 2.10). 
Fibres 
Cusps 
Figure 2.9: Micrographs of ply cracking under different loading conditions33 
90° splitting 
Rrverlinea 
F. txe mpn ni 
(b) Ply cracking under mixed mode I/II (x 2k) 
Lý Delaminaron 
Figure 2.10: Ply splitting and subsequent delamination in the lower ply (x 1k)33 
(a) Ply cracking under mode I (x 1.2k) 
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2.7 Failure criteria 
3. 
Much work has been done to predict failure in composites. 116-118 and this is still 
an active field of research. Early criteria were generally strength based and 'curve 
fitting' criteria that do not use a detailed analysis of the failure processes. These 
take a macro-level approach, in which an averaged stress is used in the criterion. 
Each criterion can take one of a few different approaches in predicting a fAlure 
load. 118 
1. Limit criteria assumes no interaction between the modes of failure and predict 
failure by the comparison of the lamina stresses or strains with corresponding 
strengths separately. The Maximum Stress and Maximum Strain criteria be- 
long in this category. These are simple to use for any stress state but are not 
adequate to predict failure when a more complex stress state is involved. 
2. Interactive criteria are at the other end of the spectrum, where the assumption 
that all stress components interact in such a way to cause failure simultane- 
ously. Examples of which are the Tsai-Hill' 18 and Tsai-«'u"9 criteria. These 
can be simple to use as they are usually in the form of a single equation. 
3. A separate mode criteria considers the failure for fibre breakage and matrix 
failure separately; interaction may also be present. Examples are the Hashin- 
Rotem and Hashin criteria and more recent developments include phenomeno- 
logically or mechanistic based models such as Puck, 12° LaRCO4121 and McCart- 
ney. 122 Sun118 concluded that these criteria can be reasonably accurately used 
for predicting lamina failure when comparing experimental data to various 
strength based criterion. 
The more recently developed failure criteria are progressively more failure-mode 
based, as they take the distinct constituents of a composite material with the in- 
dividual failure modes and interactions between these into account. These offer 
better predictions on a more physically based concept, however are usually more 
involving to use. In a review by Paris117 (2001), it was noted that the most widely- 
used failure criteria by composite designers in industry were the maximum strain 
and stress, Tsai-Hill and Tsai-Wu criteria. The prevalent failure criterion surveyed 
amongst composite researchers was the Hashin criterion. Despite the suitability of 
more physically based failure criteria, it still seemed that the simplicity in applying 
these established strength-based criteria aided their popularity. 
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2.8 Full-scale composite stiffened panels studies 
Most numerical and experimental research conducted on stiffened panels has con- 
centrated on a structural unit similar to the one shown in Figure 2.11. Experimental 
studies have been carried out in conjunction with numerical modelling for v-alida- 
tion purposes, 123-126 to study the behaviour and provide information for numerical 
tools 39,89,96,127-131 as well as for certification purposes. Most experimental tests have 
been conducted by applying an axial compressive load to the ends of the stiffened 
panel but another loading condition often considered is shear. To ensure uniform 
load introduction and to prevent brooming at the ends of the specimen, the loaded 
ends are usually potted in resin. Strain gauges are usually strategically sited at 
buckle crests and nodes, stiffener feet and bays to monitor the surface strains on the 
panel during loading. 59,95,128,132-134 
A 
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Figure 2.11: Image of a stiffened panel, with typical dimensions 
2.8.1 Panel design parameters that influence buckling and 
failure 
The design variations in stiffened panels that influence the structural behaviour in- 
clude stiffener geometry, flange tapering, stiffener pitch, skin thickness, skin/stiffener 
lay-up, material choices. In addition to these design variations, manufacturing 
de- 
fects or irregularities and impact damage can influence buckling behaviour since 
these parameters influence the overall structural stiffness. For damage that is al- 
ready present, the buckle mode of a panel has a large influence on the subsequent 
damage growth. 135 
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The limit load in stiffened panels is usually dictated by the overall bucklin,, load 
of the stiffened panel. By permitting overall buckling to occur at the same time 
as local buckling (Section 2.5) yields the most economical design. 13s Geier"' states 
that the two failure modes which may occur that do not permit this limit load to 
be reached are: 
" Stresses in the buckled laminate exceeding the material strength; 
" skin/stiffener separation. 
Therefore, the performance of stiffened panels can be extended into the postbuclling 
regime if these failure mechanisms are inhibited. 
2.8.2 Stiffened panel studies 
The most critical failure mechanism in stiffened panels is skin/stiffener separa- 
tion and this often defines final failure of a panel. 94-96,128 The stress state in 
the skin/stiffener interface varies periodically with the buckle deformation which 
in turn affects the critical damage sites, how this damage initiates and subsequently 
grows. 96,132,134 The forces in the stiffener web will be dependent on the stringer 
geometry. If a stiffener cap is included in the geometry, such as with I and J stiff- 
eners, there will be a moment acting on the stiffener web which increases linearly 
to a maximum at the foot. Earlier studies132,134 have seen damage initiating at 
antinodes, where the induced bending moment, and therefore peel stress, is largest. 
The twisting moment reaches a peak at the nodal lines in the stiffeners, which sets 
up shear stresses in the skin/stiffener interface plane. Falzon et al. 132 found that 
blade stiffened panels had less torsional stiffness when compared to I, J and hat 
stiffened panels and therefore underwent a different failure process. Here, failure 
was due to delamination at the mid-plane of the stiffener web. This suggested that 
the critical shear stress was seen at the web mid-plane, at the free edge on a nodal 
line. Transverse shear loading and twisting moment contributed to this shear stress, 
as they are also both maximum at node lines. 
Most current studies are now concentrating on the skin/stiffener debonding phe- 
nomenon, with the aim of determining the relationships between various properties 
and parameters, their subsequent effects on failure with hopes of suppressing it sind 
thus increasing the postbuckling loads at which stiffened panels fail. Modelling 
efforts up to now have focused on treating the skin/stiffener debonding as a delanm- 
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ination problem in the skin/stiffener interface' 37-139 with an increase in the use of 
cohesive elements in the skin/stiffener interface to model damage growth. 140 
Very recently (2008), an analysis methodology was developed to predict failure in 
the skin/stiffener interface for a postbuckled panel, as part of a four-year European 
Commission project, COCOMAT. 137,140-142 This included a combination of global- 
local predictive modelling using finite elements and experimental studies to validate 
the predictions. Global models were coarse models of a full-scale stiffened panel from 
which deformations were obtained and subsequently fed in as boundary conditions 
into more detailed local models. The local models were capable of predicting the 
onset of interlaminar delamination. Furthermore, ply damage mechanisms were also 
captured in the global models by incorporating the use of a ply- damage degradation 
model, based on the Hashin failure criteria to predict the onset of matrix damage. 
These models were validated against element tests, single stiffener panels and multi- 
stiffener panels (blade stiffened, cocured panels). It was shown that this approach 
was able to predict the initiation of interlaminar damage leading to final failure of 
the panels as well as identifying the mechanisms that had promoted failure. 
2.8.3 EDAVCOS study 
EDAVCOS (Efficient Design and Verification of Composite Structures) was an ET' 
funded program that was aimed at certification of primary composite aircraft struc- 
tures. 143 Experimental benchmarks133,143-148 were used to investigate the effect upon 
buckling, mode, strength and damage growth for two types of defects (impact and 
embedded) at two locations (within the bay and on the stringer foot). These panels 
consisted of three stringers and were all loaded under uniaxial compression until fail- 
ure. Following failure of these panels, fractographic examination was carried outlay 
to study the failure modes, crack growth directions and failure processes. 
2.8.3.1 Experimental studies 
It was seen that skin/stiffener debonding was the primary failure mode for all but one 
of the panels. These generally underwent the same failure processes with slight 
de- 
viations due to the variation in initial defect conditions. Studying the skin/stiffener 
interface fracture surfaces in further detail allowed the failure to be divided into 
three zones dependent on the location. The most common zone for failure to oc- 
cur was at the stiffener/ adhesive or skin/adhesive interface. A failure sequence for 
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stiffener debonding in the undamaged panel was suggested as follows (Figure 2.12): 
1. Intralaminar splitting of the +45° surface plies adjacent to the skin,, stiffener 
interface. 
2. Delamination initiated at adhesive/skin interface at these ply splits. 
3. Delamination growth following the angle ply toward the stiffener centreline. 
4. From the stiffener centreline, the growth direction changed to along stiffener 
length, dominated by axial shear. 
-------------- 
1. Formation of intralaminar splits 
in the +45° ply 
........... . .. ............. . 
.............. . 
2. Delamination from foot edge at 
adhesive interface 
3. Delamination beneath web 
4. In-plane shear failure of +45° ply 
5. Delamination from shear failure 
to foot edge 
; l. 
Figure 2.12: Failure progression of the EDAVCOS SFN 5 panel, Greenhalgh145 
The exact location of the initial skin/stiffener detachment was not identified, how- 
ever it was proposed that the ply splits originated at areas adjacent to the buckle 
crests (antinodes) in the bay from comparing the buckling geometry to the damage 
sites (Figure 2.13). 
A summary of the damage mechanisms in the other panels compared to the undam- 
aged panel (SFN5) is given in Table 2.1. All panels except that with an initial foot 
impact (SFN2) had debonded at the skin/stiffener interface. The largest drop in 
strength was observed in SFN2 which had failed by delamination in the skin and 
subsequent compression failure. The panel with the foot defect (SFN4) also exhib- 
ited a large drop in strength; the presence of defects in the foot provided sites for 
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Loading direction 
TT7 
Zone I (Light Grey) 
Skin/Adhesive or 
Stiffener/Adhesive Interfa 
Zone 2 (Dark Grey) 
First stiffener interface 
(+45°/-45°) 
Zone 3 (Medium Grey) 
First skin interface 
(+45°; -45° ) 
Figure 2.13: Superposition of buckle modes with failure regions, EDÄ4 VCOS145 
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delamination to initiate without the initial development of ply splits. This indicated 
that this type of defect and location was the most critical to performance. 
Defect (Panel #) I Differences to undamaged panel (SFN 5) 
Bay impact (SFN 1) Additional delamination growth from impacted area 
Larger, separate delamination growth from stiffener free edge 
Different buckle mode 
Foot impact (SFN 2) 
Bay defect (SFN 3) 
Foot defect (SFN4) 
No skin/stiffener debonding 
Delamination initiation at impact site, leading to skin delamination 
Failure due to this skin delamination and subsequent compression failure 
Mid plane skin delamination initiating at free edge of stiffener 
Delamination due to embedded defect also seen 
Fewer ply splits 
Delamination initiation occurred at free edge of panel and defect 
Extensive skin delamination 
Table 2.1: Summary of failure processes in the EDAVCOS panels149 
2.8.3.2 Finite element modelling 
Complementary finite element modelling has been conducted in parallel to the 
EDAVCOS tests. "' One of the observations was that torsional loading of the stiff- 
eners was a consequence of the buckling deformation. Torsional loading induces 
-------- -------------------- Node Line Anti-node Line 
2. LITERATURE SURVEY 43 
in-plane shear of the stiffener flanges, which was seen during the fractographic ex- 
amination of the EDAVCOS panels, and suggests that a deeper understanding of 
shear loading parallel to the stiffeners should be gained. This may have partly con- 
tributed to the damaged and undamaged panel failure loads. Further studies of this 
longitudinal shear failure using the seven point bend test rig (Section 2.9.1.4) were 
proposed. 
EDAVCOS was a detailed study on the influence of initial defects on the buckling and 
post-buckling behaviour of a stiffened panel and managed identify the most critical 
defect type and location. However, this study was only conducted on one type of 
panel and the results may not be globally applicable for different skin, stiffener and 
interface configurations. 
2.9 Stiffened element tests 
The approximate manufacturing and mechanical testing cost for each panel dur- 
ing the EDAVCOS program (1997) was estimated to be five thousand pounds. 151 
Conducting smaller but representative tests on stiffened elements offers a route to 
reducing cost and time as well as providing the designer the freedom to develop uew 
configurations. It is important that the failure modes in the elements and stiffened 
panels match. The behaviour of the stiffened element is analysed and the find- 
ings are extrapolated to determine the behaviour of a full scaled stiffened structure. 
Minguet and O'Brien92 suggested that these coupon sized tests would be useful for 
parametric studies into the factors that affect the capability of the skin/stiffener 
interface. Test sizes can range from coupon type test specimens (around 25mm for 
the four point bend specimens 89,92,152) to panel tests (of the order of 450mm by 
375mm from the EDAVCOS configuration 149) 
There are two critical sites of failure at the skin/stiffener interface; failure at the 
stiffener core area, and failure initiating at the stiffener foot. Specific test methods 
have been designed to isolate these individual failures. 
2.9.1 Bending tests 
The purpose of this test approach is to reproduce skin/stiffener debonding induced 
by the local curvature of the skin arising from the post-buckled state. i. e. due to 
the maximum bending moment from the mismatch between the bending stiffnesses 
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of the skin and the stiffener. A specimen comprising of a skin and a flange or an 
entire stiffener under bending and will experience the following stresses: 
" Peel stresses at the skin/stiffener interface due to bending. 
" Longitudinal shear stresses at the skin/stiffener interface due to bending. 
" Transverse shear stresses induced by anticlastic curvature. 
The loading of these specimens is such that they are symmetrical, whereas in a 
postbuckled stiffened panel, the loading condition across the stiffener will be an- 
tisymmetrical. In practice, it is simpler to impose a symmetrical loading on the 
element and use this to study the behaviour of half the stiffener in the full scale 
panel. There are two commonly used bending tests; the three point and four point. 
2.9.1.1 Three point bending 
This three point bending test (Figure 2.14a) imposes a varying bending moment 
on the specimen, generating debonding stresses at the flange tip. Typical load- 
displacement behaviour is shown in Figure 2.14b. It can be seen that initiation can 
be identified from this graph; in general the test exhibits a linear slope with a large 
load drop at initiation of damage. The disadvantage of this test is that the applied 
bending moment at the crack front increases as the crack progresses. 
II, _ z_J 
(a) Loading Conditions 
Load fib) 
Tapered (20') Specimen 
3-Point Bending 
400, Max. 
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Irnit ---- 
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T- '-T---r- T 
Displacement 
(b) Typical Load-Displacement 
Curve, Minguet et al. 92 
Figure 2.14: Three point bending test 
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Tests conducted by Krueger et al. 153 identified the failure process as damage initia- 
tion by matrix cracking in the top skin layer, followed by a delamination between the 
top and second layer (+45°/ - 45° interface). The justification for using these tests 
as representations of stiffened panel failure lay in the reported similarity of failure 
progression between the element test and the full-scale panel. 92 Related analytical 
studies conducted by Paris et al. 139 investigated the effect of an initial damage in the 
form of a matrix crack being present. The critical load required to initiate delamina- 
tion was found to be considerably lower if initial damage was present. Moreover, the 
energy required to grow a delamination from an initial delamination at the bondline 
was higher (7%) than from one initially within the skin. 
2.9.1.2 Four point bending 
The four point bending test is a slight modification of the three point bend test 
with respect to the load point configuration (Figure 2.15a). Consequently, the main 
characteristic of this test is the constant bending moment at the crack tip during 
propagation. A much smoother curve is obtained when compared to the three point 
test (Figure 2.15b). 
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4-Point Bending 
700 Max 
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(b) Typical Load-Displacement 
Curve, Minguet et al. 92 
Figure 2.15: Four point bending test 
In the four point bend test the dominant stresses seen are peel at the skin/stringer 
interface induced by the bending moment imposed on the test specimen. This is 
usually a maximum at the edge of the stiffener flange. Thuis and 
` 'iggenraadl' 
found that introducing a difference in flexibility between the stiffener and the skin 
(i. e. stiff skin, flexible stiffener) reduced the magnitude of peel stress at the 
bond 
layer. There is also a shear stress arising from the introduced bending, and finally, 
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anticlastic curvature of the skin laminate was seen to develop in specimeii:, with 
thicker skins. This introduced edge effects, 131,1.7,2 which leads to the specimen width 
influencing failure. The failure location was either in the first ply of the skin lam- 
inate, or in the adhesive layer. 131,152 Edge stresses also promoted the formation 
of a ply split at the stiffener tip that has been observed to be the key initiation 
155 mechanism in the four point bend test. 
Minguet et al. 92 observed similar behaviour between the four point and the three 
point tests and subsequently investigated the behaviour for tapered and square ended 
flanges using the four point test. The graph shown in Figure 2.15b is representative 
of a square ended flange, which exhibited `softer' failure compared to a more catas- 
trophic type failure for a tapered flange. It was hypothesised that this behaviour 
was attributed to the earlier crack initiation in the square end flange due to a higher 
stress concentration in this geometry. The initiation load for the tapered flange 
was much higher than that needed for propagation, and thus an `overshoot' of the 
propagation load would be experienced, propagating the crack forwards at a higher 
rate. 
Stevens et al. 96 found similarities in measured web bending moments and micro- 
graphs at failure and crack propagation for full scale I stiffened panels and coinpo- 
nent tests. However, element and full panel failures were not comparable for J and 
hat stiffened panels in bending, which could question using element test failures to 
represent these types of stiffened panel failures. 
Investigation into the use of the four point bend test at NLR131,152 found that the 
results obtained were dependent on the specimen width due to anticlastic effects. 
Skin and flange thickness and layups were varied in their test programmes, and a 
failure criteria based on the strains in the top ply of the skin was proposed as failure 
initiation was found to be through a ply crack in this region. It was suggested t hat 
this test was not representative of the local behaviour in a full stiffened panel under 
compression and Van Rijn et al. subsequently went on to improve the bending test. 
resulting in the development of the six and seven point bending test. 
2.9.1.3 Six point bending 
The six point bending test is an extension of the four point test (Figure 2. lr )), 
but with wider specimens (300mm) to counteract the edge effects observed in the 
latter. 155 A peak bending moment is experienced at the stiffener foot mi(I-span. 
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(b) Schematic showing dimensions of the six 
point bend test 
Figure 2.16: The six point bending test 
leading to damage initiation at this site without the complication of edge effects. 
The magnitude of the bending moment decreases towards the specimen edges. 
The main problems associated with this test is the difficulty in defining failure initi- 
ation39,155 which is usually defined as discontinuity in the bending strains. Harper39 
compared initiation strains defined by strain gauge and acoustic emission obser- 
vations and found that the deflection at initiation observed by acoustic emission 
tended to be lower than that using the strain gauge data. Large midspan deflec- 
tions also introduced non-linearities into the results, Harper39 reported an increase 
in compliance in some specimens at a deflection of about 15mm. 
As the loads increased, strains in the lower skin become increasingly tensile whilst 
the strain along the stiffener levelled out and then decreased, prior to any damage 
initiation. The author consequently recommended that an examination of this be- 
haviour using a non-linear finite element model should be done to determine if this 
is representative of a stiffened structure. 
Fractographic results from these test specimens155 indicated that the main delam- 
ination plane was within the skin/stiffener interface, though another delamination 
did appear within the skin laminate. The dominant failure mode was mode II, with 
a highest mode I component at the tip of the stiffener feet. 
(a) Picture of the six point bend testr'" 
2. LITERATURE SURVEY 
2.9.1.4 Seven point bending 
Yý 
An extension of the six point bend test is the seven point bend test (leveloped it 
NLR; 131 this introduced another loading point at the centre of the stiffener. This 
reduces the deflections needed to achieve failure initiation when compared to the `ix 
point bend test, although a full stiffener had to be used rather than just the flange. 
This was proposed to give more representative results, though it is more costly- to 
perform. 155 The design of this test rig ensured that the bending applied to the 
specimen produced failure that did not initiate at the edges. i. e. a larger curvature 
in the middle compared to the edges. 131,156 Failure location was at the adhesive 
layer; the skin/stiffener interface. A failure criterion was proposed based on the 
running loads and moments in the bond layer, reflecting the failure progression seen. 
This criterion was applied to a numerical study of stiffened elements with varying 
flange and skin thickness and found a high dependence of the failure moment on the 
thickness of the flange, which had not been exhibited in the four point experimental 
tests conducted earlier. 
Koundouros157 has reported a few practical problems with the seven point bend 
test. Excessive damage at two load application points was reported, even though the 
radius of curvature at these points was increased and hard rubber padding was em- 
ployed at these sites. The specimens that were tested did not exhibit skin/stiffener 
debonding as the flanges managed to deflect relatively easily- with the skin. The 
strains generated in the flange perpendicular to the stiffener were larger than sim- 
ilarly measured strains in an identical full-size panel tests. Recommendations to 
justify specimen size and test fixture configuration using finite element modelling 
were given. 
Comparing the results to the four point tests, higher loadings were recorded by the 
seven point bend tests. 13' Failure mode was different to the specimens that had 
undergone the four point bend test and was considered to be representative of the 
type of failure seen in panel tests. 
2.9.1.5 Longitudinal stiffener bending tests 
A modification of the three point test is to apply loading along the length, ritther 
than transverse to the section, to determine the flexural properties of the stiff- 
ener length in post-buckled panels (Figure 2.17). Thomson et al. 
130 investigated 
the potential of using woven preforms for stiffeners, by comparing woven T-section 
2. LITERATURE SURVEY 
IrIL jar 
ä. u(10 L ý. iýi fy NG SE 
$119. 
IL 
7F----- N 
ý--150 
mm --_IN- 
mm ASTIM 0790 Tow 
Fixture Base 
(b) Schematic of test 
Figure 2.17: Longitudinal bending test130 
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stiffeners to unidirectional prepreg T-section stiffeners. Loading point failure «was 
evident, which could invalidate the test results, or perhaps give a lover bound. 
The critical failure mechanism observed in full stiffened panels under compression is 
skin/stiffener debonding at the interface, which could possibly then lead to flexural 
failure of the stiffener once the skin is no longer attached. Consequently, it was 
difficult to determine how this test would help characterise the postbuckling failure 
of a stiffened panel. 
2.9.2 Lateral tension tests 
F---' 
Load, F Load, F 
Figure 2.18: Loading configuration for the lateral tension test154 
The lateral tension test (Figure 2.18) entails a skin/stiffener element in which the 
skin is loaded in tension parallel to the stiffener flange. This induced crack initiation 
at the edge of the flange, and this loading state is considered to represent pressure 
loading on a full stiffened panel as could occur in an aircraft wing containing fuel. 155 
The tensile load applied to the skin induces shear stresses across the width will be 
seen between the skin and the stiffener. The Poisson's ratio mismatch between the 
skin and stiffener also gives rise to widthwise shear stresses. Finally, the induced 
LONDCXJ 
U)" 
=4 
(a) Test setup 
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bending of the element (due to deviation of the load path) gives rise to peel stresses 
at the skin/stiffener interface. Thuis and «'iggenraad154 concluded that for this kind 
of loading, the configuration with the highest load capability was a strticttire with 
a skin that had a large in-plane stiffness compared to that of the stringer. Failure 
initiation for this test was a crack or a small delamination along one flange corner, `° 
leading to delamination of the entire flange from the skin. 153 
2.9.3 Combined axial tension and bending test (ATB) 
Cvitkovich (et al. )89 developed the ATB test by superposing the lateral tension and 
three point test. The specimen was preloaded in tension and then an out-of-plane 
bending load applied at the midspan. This was representative of a panel undergoing 
both pressure loading and postbuckling such as in the V22 Osprey aircraft. Large 
deflections were observed in this test, typical results for which are shown in Figure 
2.19. When comparing this graph to the typical graph obtained in the three point 
bend test (Figure 2.14b), it can be seen that no damage is apparent from the graphs 
until specimen failure. 
4 
3 
Transverse 
Load, kN ` 
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Skin failure -ý 
Skin failure 
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Figure 2.19: Typical transverse load-displacement curve for the combined axial ten- 
sion bending testS9 
2.9.4 Antisymmetric element tests 
A variation on the element bending test to simulate the antisymmetric 
deforma- 
tions encountered in a postbuckled panel (Figure 2.20) has been conducted on 
blade 
stiffened elements by Orifici et al. 140 In this loading configuration, the skin either 
side of the stiffener was clamped on to a rotating fixture that was connected to a 
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Figure 2.20: Antisymmetric loading of a blade stiffened element 
;1 
load cell at one end. The antisymmetric deformation was applied to the element 
when the piston moved in the vertical direction. Failure initiation was seen to be 
at the stiffener tip which propagated towards the stiffener centreline. The blade 
was clamped to reduce the horizontal translation of the specimen when loading was 
applied. 
2.9.5 Pull-off tests 
____ 
Pull off load, P 
Figure 2.21: Loading configuration for the pull-off test154 
Pull-off tests entail applying an out-of-plane tensile load to the stiffener web whilst 
the skin is simply supported or clamped (Figure 2.21). This configuration tends to 
induce damage initiation in the core/noodle region of the stiffener. The transverse 
load will induce a bending moment in the skin and stiffener, hence developing I 
shear stress at the skin/stiffener interface. Peel stresses are also present at points 
where the vertical displacement of the stiffener is different to that of the skin. Crack 
initiation in the pull-off tests were determined to be mainly caused by stresses in 
the mode I direction. 158,159 Greenhalgh155 found that failure was unstable, but 
LeBoulluec et al. 159 noted that catastrophic failure did not occur upon the first 
significant load drop. 
It was seen that the failure mode in this test changed depending on geometric Dili 1 
stiffness properties of the skin and flange laminates154"159-161 where initiation could 
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occur at the skin/stiffener interface bond or in the bermuda triangle reöion91 and 
subsequently grow into the web. 
2.9.6 Summary of the element tests 
In summary, there are a range of element tests that are in use to characterise the 
failure progression in stiffened panels. These element tests attempt to replicate the 
local stress conditions seen in a full scale post-buckled stiffened panel. However, wit h 
regards to the bending tests, there seems to be an apparent contradiction between 
the research conducted at NASA", 139,153,162 to that in N LR. 131,152,156 Each group 
supports the use of a different test method (three and four point bending versus the 
seven point bending test) for the same reason; that it is representative of stiffened 
panel failure. The failure process that was suggested was different between the two 
groups, NASA concentrated on the matrix cracking and subsequent delamination, 
whereas NLR based their failure criterion on the adhesive failure seen in the seven 
point test. This seems to be evidence that the failure initiation and propagation 
mechanisms in a postbuckled stiffened panel are still not fully understood. It is 
important when using element tests to characterise behaviour of a larger structure, 
to understand the limitations of these representative specimens; the results of which 
can then be better extrapolated to the full-scale panel. 
2.10 Summary 
The work reviewed in the available literature has highlighted some important issues 
pertaining to studying the failure of stiffened composite panels. Potential weight 
saving could be achieved if stiffened panels were allowed to operate in their post- 
buckling regime during service. However, this is dependent on being able to predict 
when failure would occur. This, in turn, requires an understanding of the failure 
processes that are seen in the structure, from initiation to final failure. These have 
not been fully characterised, and the predictive work done using finite element mod- 
elling seems to pursue a global phenomenological approach rather than a mechanistic 
one. Thus, the failure processes in stiffened panels should be studied first. and an 
understanding of the loading conditions on a global and local level that cause these 
failures to initiate obtained. 
The value in using element tests to represent aspects of stiffened panel behaviour has 
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also been noted. If justification can be given to using a certain loading configuration 
to represent failure in a stiffened panel, this could be a powerful tool to investigate 
the effects of varying different parameters on these structures. To fully utilise this, 
an understanding of the failure processes in both element tests and stiffened panel 
has to be obtained. 
Based on the findings of this literature review, the research aims stated in Chapter 
1 was refined and a more detailed structure was proposed: 
" Failure characterisation of the EDAVCOS SEN 5 (undamaged) panel should 
be carried out, using the fractographic methods detailed in Section 2.6.2. The 
aim of this will be to verify the proposed failure progressions"' and to add 
further detail to this. This panel was chosen as it was available for study and 
the testing data had been well documented and was accessible (Chapter 3). 
" When the initiation and propagation can be characterised and the locations 
known, the critical conditions for failure initiation can be extracted in con- 
junction with numerical simulation. This would fully characterise the failure 
of the SFN5 panel (Chapter 3). 
" Studies will also be conducted on element tests. The selection of these will 
depend on the findings from the previous two items. The same material sys- 
tem and geometry as the original EDAVCOS SFN5 panel should be used to 
facilitate comparisons between the element test and the panel, and the rep- 
resentativeness of the element tests used would be assessed (Chapters 5 and 
6). 
" Within the element tests, parametric variations should also be conducted to 
investigate the effects of, for example, stacking sequence, material variation, 
bonding procedures and defects (Chapter 5). 
" The results from the parametric studies conducted on the element tests should 
then be extrapolated to the full-scale stiffened panel (Chapter 6) and full-scale 
panel tests conducted to validate this procedure (Chapter 7). 
" The experimental studies should also be supported with FEM of the element 
tests and full-scale structures. 
Furthermore, to fully characterise failure and specimen behaviour experimentally. it 
was decided to investigate the use of the Digital Image Correlation 
(DI(') technique 
and apply this to composite testing. The advantage of this method over other 
measurement techniques was the ability to extract full field strains regarcdle of the 
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specimen size, as long as images could be taken during loading. The work done on 
this has been reported in Chapter 4. 
CHAPTER 3 
PRELIMINARY STUDIES ON STIFFENED 
PANELS 
3.1 Overview 
Fractographic and failure analysis of a stiffened panel that had failed whilst in 
the post-buckled state was conducted on the pristine stiffened panel (SFN5) from 
the EDAVCOS study144,145 as its behaviour had been monitored closely and was 
available for study. From this inspection, details of the mechanisms which caused 
initiation and propagation of damage and ultimately failure, were obtained. This 
failure characterisation allowed the selection of potentially representative element 
tests to explore in Chapter 5. The conditions at failure in the stiffened panel were 
further investigated using a finite element model to characterise the local stress 
conditions at failure initiation in conjunction with existing failure criteria. This 
approach did not yield consistent predictions between the failure criteria for the 
applied strain at failure initiation, nor the locations of damage seen on the panel. 
The decision to concentrate on studying representative element tests was also made 
and has been reported in the subsequent chapters. 
3.2 Failure analysis of EDAVCOS SFN5 panel 
The EDAVCOS SFN5 panel was a three-stringer stiffened panel that had been testod 
in compression to failure. This had a skin stacking sequence of [+45°/-45°/00/900]3s 
and a stiffener stacking sequence of [+450/-450/03/900/03/-450/+45°]. The mate- 
55 
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rial used for both parts was Hexcel HTA/6376 and Cytec's F. %1300-2M1 adhesive was 
used to bond the skin and stiffener. The dimensions of the panel have been shown 
in Figure 3.1. Experimentally, this panel had buckled into three half waves in each 
of the two bays at an applied strain of -2800, u¬ and had failed via skin stiffener 
debonding at -6261µE. 144 
3mm 48mm 
-" 1.375mm 
R5 2.75mm 
45mm 
L 
55mm 
150mm 
Skin: [+45q-45707909 
Stringer: (+457-4590°19090°/-454'+45' 
1 0mm 
E 
E 
0 
Figure 3.1: Nominal dimensions of the EDAVCOS SFN5 panel"' 
During fractographic analysis of the panel, it was noted that the stiffeners had not 
been manufactured via secondary bonding as stated in the EDAVCOS report. 
144 
Instead, the panel had been cobonded; the stiffeners had been cured first and then 
bonded whilst curing the skin (Section 2.4). The result of this was the adhesive and 
the stiffener foot were slightly recessed into the skin (Figure 3.2). 
Recess 
7 
J 
Ply crack 
Adhesive 
Stiffener tip 
Figure 3.2: Tip of ply crack in location A showing slight recess 
in the skin due to 
cobonding (x35 magnification) 
__--. _Stiffener 
+45° ply 
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3.2.1 Fractography 
The failure sequence of this panel had previously been proposed by Greenhal h 
and Loader14` and the aim of the fractographic study reported here «-as to ver- 
ify and add further detail to these fractographic results. Fracture surface mapping; 
of the benchmark pristine EDAVCOS panel (SFN5) «-as done using optical and 
electron microscopy. The scale of the morphology of the adhesive fracture at the 
skin/stiffener interface facilitated the features to be studied at relatively low magni- 
fication using optical microscopy. However, the pertinent features on the composite 
fracture surfaces were the order of a fibre diameter in scale and thus required elec- 
tron microscopy. A Hitachi S-3400N and a Jeol JSMI 5610 LV Scanning Electron 
Microscopes were used to study these at a typical acceleration voltage between 10 
and 15kV. The specimens were gold coated (90 seconds at 20mA) prior to -E\I 
examination using an Emitech K500 which improved surface conductive properties 
to prevent charging whilst in the SEM. Figure 3.3 describes the notation used on 
the failure surfaces in subsequent Figures. 
Crack growth is from left to right 
Shear displacement of the opposing surface is -7 from left to right 
Shear displacement is from left to right, crack 
, qq--; r growth is from right to left. This is usually seen 
on the matrix dominated face of a high mode II 
failure 
Shear displacement and crack growth direction 
'' are from left to right. This is usually seen on the 
fibre dominated face of a high mode II failure 
Figure 3.3: Nomenclature of arrows used to decribe failure on fracture surfaces 
3.2.1.1 Adhesive failure - optical microscopy 
It was evident that the panel had failed through skin-stiffener debonding rather 
than translaminar failure of the composite. The relative movement of the matching 
fracture surfaces could be deduced from the morphology (cusps). These shear di- 
rections were deduced from the inclination of the cusps. The shear directions in the 
adhesive have been presented in Figure 3.4 with the Noire results145 for out-of-plane 
displacement superimposed. 
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Figure 3.4: Fracture surface mapping of EDAVCOS panel SFN5, the half arrows 
indicating movement of matching fracture surfaces. Potential initiation sites have 
been marked with a red circle. 
Antinode: Trough Antinode: Crest 
Figure 3.5: Idealised shear directions on adhesive surface (skin side) for a panel in 
a post-buckled state 
The shear failure in the adhesive was predominantly in the longitudinal direction 
(x) 
(along the stiffener length). However, if this fracture had occurred whilst the panel 
was in the postbuckled state, the longitudinal shear directions would 
have ideally 
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reversed directions at the antinodes (Figure 3.5). The shear directions illustrated in 
Figure 3.4 show that this did not seem to be the case for the whole panel, however 
the areas highlighted by the red circles indicate that there was some discontinuity 
in shear direction at these sites. There was continuity in the longitudinal shear 
directions across the antinodes beyond these highlighted areas. This continuity sug- 
gested that the geometry of the panel had dramatically changed from the buckle 
mode shape seen in Figure 3.4 when fracture had occurred in this area, i. e. failure 
had not initiated in this region. Within the circled areas, ply cracks were coincident 
with these areas of longitudinal shear discontinuity. This observation implied that 
the longitudinal shear along the skin/stiffener interface was influenced by the pres- 
ence of the ply cracks; i. e. indicating ply cracking was the initiation event at these 
sites. 
3.2.1.2 Ply cracking - Scanning Electron Microscope (SEM) 
In the previous study of this panel it was proposed that failure had initiated from the 
formation of ply cracks which were in close proximity to the buckle crests (Figure 
2.13). Although ply cracks may have initiated in the various areas of the panel 
independently, it would only take the propagation of damage from one critical area 
to change the geometry of the panel and hence the stress/strain state at these other 
ply cracks. 
Specimens from selected areas containing ply cracks that could potentially have 
initiated failure were studied in further detail using electron microscopy (marked 
with black circles in Figure 3.6). The damage depth for these specimens fell into 
two groups, one group contained ply cracks and delamination failure in the skin, 
whereas in the other group, failure was delamination within the stiffener flange. In 
all the sites studied, ply cracking had been the first event as failure morphology was 
consistent with the presence of the ply crack initiating failure in the surrounding ar- 
eas. This has been further detailed in Sections 3.2.1.3 and 3.2.1.4. The fractographic 
features were similar for all specimens studied, consequently two representative spec- 
imens have been presented in detail from locations A and B, where location A was a 
ply crack within the stiffener foot and location B was a ply crack in the skin (defined 
in Figure 3.6). 
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30mm I Location A Location B 
Figure 3.6: Sites on the SFN5 where SEM specimens were extracted 
3.2.1.3 Failure at location A 
Firstly considering the details of the failure at location A. Crack growth directions 
were obtained using electron microscopy and the overall directions have been pre- 
sented in Figure 3.7. The delamination fracture was highly shear dominated, with 
a mixture of modes II and III. This was evident from the presence of cusps at high 
tilt, and rotated cusps. 
163 
There was evidence that crack growth had originated from the ply crack and initiated 
growth in the surrounding adhesive and composite. Figure 3.8 (the position of the 
micrograph with respect to the location on the specimen is marked in the picture 
insert on the right) show matrix riverlines163 growing at the bottom of the ply crack 
into the adhesive which supported this suggestion. However, it was difficult to obtain 
crack growth directions in the adhesive as this contained a carrier which interfered 
with the matrix morphology. 
The delamination in the first ply interface (+45°/-45°) of the stiffener also showed 
that damage had originated from the ply crack. Detail of such a site is shown 
in Figure 3.9. If this delamination surface had occurred prior to the ply crack, 
the fracture morphology would have been continuous across the ply crack. However. 
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Figure 3.7: Crack growth directions in location A 
0" 
Figure 3.8: Micrograph of adhesive adjacent to ply crack 
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near the ply crack, the surface was quite bare and may have shown signs of crushing; 
abrasion of the features on the surface is consistent with this being an early event. 
Subsequent delamination from this site had a mode II/III component as evident 
from the orientation of the shear cusps which were angled along the stiffener panel 
direction; the crack had propagated in the panel longitudinal direction (0°) after 
initiation at the ply crack. 
Studying the fracture morphology of the ply crack itself (Figure 3.10) revealed that 
there was a high intralaminar shear component in the fracture, which was evident 
from the high density of shear cusps between the fibres along the ply crack. The 
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Figure 3.9: Micrograph of CFRP adjacent to ply crack (x 500 ma nificaation ) 
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Figure 3.10: Micrograph of ply crack at location A (x 1000 magnification. 50° tilt) 
The ply split ended towards the stiffener centreline where compression microbuckling 
failure of the first stiffener ply (45°) had occurred (Figure 3. lla). Closer inspection 
indicated the fibre ends were kinked towards the adhesive face (Figure 3. llb) which 
gave evidence for the compression failure occurring after delamination at the ad- 
hesive had taken place (as described in Section 2.6.2). From Figure 3. llc, it was 
evident that compression had not taken place prior to the delamination or the ply- 
crack, as the fracture surface was not disturbed by the presence of the compression 
failure, but had grown from the ply crack. 
Ply crack Delamination 
(a) Stiffener tip 
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Figure 3.11: Micrographs of compression failure at location A 
3.2.1.4 Failure at location B 
The crack growth directions of the specimen at location B were obtained from the 
surface features and an overview of the growth directions is presented in Figure 
3.12. A key feature was that the orientation of the growth direction parallel to the 
panel 0° direction, discerned by the cusp orientation (indicated by the half arrows 
on Figure 3.13a). However, close to the ply cracks, the local growth and shear 
directions were orientated parallel to +45° fibres, suggesting evidence that the ply 
cracks were present before delamination had occurred (Figure 3.13b), with crack 
growth growing from the ply crack outwards into the first ply interface within the 
skin (Figure 3.13c). 
As seen at location A, the ply crack itself had a high intralaminar shear component 
which manifested in a high density and tilt of cusps through the +45° layer (Figure 
3.14). This morphology was consistent from the beginning of the ply crack at the 
stiffener tip and extending to the edge of the ply crack towards the stiffener- cent reline 
and was similar to that seen in location A. 
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Figure 3.12: Crack growth directions in location B 
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Figure 3.13: Micrographs of delamination surface: the micrographs are oriented in 
the same direction as the specimen inserts i. e. the stiffener centreline is towards the 
right. 
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Figure 3.14: Micrograph of ply crack (45° tilt) 
3.2.1.5 Summary of panel failure 
In summary, the key findings from the fractographic analysis of SFN5 were: 
" In all the locations studied, ply cracking was the first event that had occurred. 
" This initiation mechanism occurred in both the top ply of the skin by the 
stiffener edge, as well as the bottom ply of the stiffener flange. 
" The ply cracks were formed under high intralaminar shear forces, parallel to 
the +45° fibre direction. 
" Delamination at the skin/stiffener interface initiated from the ply cracks and 
grew under mixed mode loading, in the panel 0° direction. 
" Adhesive failure at the interface also initiated from these ply cracks. These 
grew in the panel 0° direction. 
" The critical ply crack locations seemed to be in the antinode regions of the 
panel. 
3.2.2 Finite element analysis of the EDAVCOS SFN5 panel 
To study the local stress states of the stiffened panel at failure initiation, a finite 
element model of the SFN5 panel was formulated. 
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Figure 3.15: Stiffened panel model (contour plots represent otit-of-plane deform(-t- 
tion) 
3.2.2.1 SFN5 stiffened panel model details 
The skin, stiffeners and the adhesive layers were modelled as three separate parts 
using three dimensional quadratic solid elements in ABAQUS Standard (C3D20). 
The material properties used have been presented in Tables 3.1 and 3.2. To obtain 
the strain contour plots in the skin and the stiffener flange, the elements in the model 
were changed to continuum shell elements (SC8R), as these could be processed in 
the ABAQUS/CAE post processor. A standard procedure to obtain post-buckling, 
behaviour in compression was followed: A buckling analysis was applied to extract 
the eigenvalues and corresponding mode shapes, followed by a static analysis using 
displacement loading where the first mode shape was included as an imperfection. 
Mesh sensitivity along the line depicted in Figure 3.15 was investigated for gloixil 
element widths and lengths of 5mm, 10mm and 15mm, The in-plane skin stress 
outputs of the shell element models were compared with each other where it 
seen that the peak stresses exhibited the largest discrepancies between the different 
mesh sizes. The largest percentage difference between the global element size of 
10mm and 5mm was 8%, 6% and 4% for 0'22, all and 712 respectively, where the 
coordinate system for both the stiffened panel and the lamina is defined in Figure 
3.16. An element size of 10mm was used for the following analyses as this was the 
most acceptable compromise between accuracy and computational cost. The finLI1 
mesh used has been presented in Figure 3.15. 
Comparison with experimental data In the experimental studies, " the i>, iiitd 
buckled at an applied strain of -2800 lIE. Prediction from the 
buckling analysis C'(ý1'- 
convergence studies 
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Ply longitudinal modulus, Exte,,., io 145 GPa 
Ply transverse modulus, Eyten92on 10.3 GPa 
Out-of-plane modulus, Extension 12.1 GPa 
In-plane shear modulus, G,, b 5300 ',, 1Pa Out-of-plane shear modulus, Gxz 5275 . MPa Out-of-plane shear modulus, Gyz 3950 MPa 
Poisson's ratio, vxy 0.301 
Poisson's ratio, vxz U. 500 
Poisson's ratio, vyz 0.495 
Ply longitudinal tensile strength, XT 2250 MIPa 
Ply longitudinal compressive strength, Xc 1600 NIPa 
Ply transverse tensile strength, YT 64 h1Pa 
Ply transverse compressive strength, YC 290 M IPa 
Ply shear strength, S 98 MIPa 
Interlaminar shear strength, 'ry 91 MIPa 
Interlaminar shear strength, T., z 45 -'\IPa 
Maximum ply tensile strain at 0°, E11 1.63' 'c 
Maximum ply compressive strain at 0°, Eil 
Maximum ply tensile strain at 90°, E22 0.60% 
Maximum ply compressive strain at 90°, E22 2.70% 
Table 3.1: Material properties for HTA/6376164 
Young's Modulus, E 2386 MPa 
Poisson's ratio, v 0.38 
Table 3.2: Material properties for FM300-2M adhesive' 64 
responded to a buckling strain of -2540 Me, which was slightly lower, but the mode 
shape was similar to that encountered in the experiment. The global behaviour in 
terms of load versus applied strain was compared to experiment; the FE models ex- 
hibited a similar though slightly more compliant response (Figure 3.17). Strains and 
displacements in the bays were also compared to the experimental strain gauge and 
LVDT datal to verify the model. Some variation in the displacements and strains 
were expected from the experimental results as buckling is sensitive to the panel 
geometry whereas the numerical model was idealised. There was some variation in 
the displacement and the longitudinal and lateral strains (Figures 3.18); however 
on the whole, the model managed to capture the general behaviour as loading was 
applied and in some cases, the values at failure were very similar. 
3.2.2.2 Stress and strain states of the panel just prior to failure 
To examine the local stress states for failure initiation in the top ply-, three 
failure 
criteria (Maximum Stress, Hashin and Tsai-Hill) were applied to the output obtained 
3. PRELIMINARY STUDIES ON STIFFENED PANELS 
Stiffened element 
Z 
y-- 
Lamina level 
3 
r lifýrýýý 
12 
-1 
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Figure 3.17: Load (kN) versus Applied strain (µE) comparisons between FE and 
experiment for element types SC8R (shell) and C3D20 (brick) 
from the model. In the following studies, all the stresses were extracted from the 
top ply in the 3D model to account for the predicted stresses in all directions. 
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Figure 3.18: Bay strain comparisons 
3.2.2.3 Maximum Stress failure criterion 
69 
The maximum stress failure criterion partitions the six stress components and pre- 
dicts failure to occur when one of these components exceeds the corresponding 
strength value in the laminate: 118 
Q33 712 713 723 O'll 
C 1ý y<1; Z<1; S-'R- 'T 
<1 (3.1) 
where X, Y, Z, R, S and T are the corresponding strength values. 
This criterion was used to determine how close each of the individual components 
were to the failure strengths of the ply. Although this treated each component 
separately, it could indicate which components may have been crucial in damage 
initiation. 
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Firstly, the individual in-plane stress components in the local +45° orientation (0122 
and 712) as defined in Figure 3.16, from the top ply of the skin and the bottom ply of 
the stiffener flange were extracted to examine if these could have been high enough 
to cause the initial ply splitting seen fractographically. 
The direct stress that would have contributed to a mode I ply crack (stress in the 
intralaminar peel direction, 022) was highest in the middle of the bays. at the crests 
of the buckle configuration (Figure 3.19a). The values in this region (62 MPa) were 
close to the transverse ply tensile strength of 64 I`IPa (Table 3.1), however failure 
had not occurred here as no ply splits were seen in the middle of the bays in the 
tested panel. 
The in-plane shear stress that could have contributed to a mode II ply crack (; 12 
were a maximum beneath the stiffener at positions corresponding to the bay antip- 
odes, particularly at positions near the edges of the panel (Figure 3.19b). The 
values of the shear stress component (56 MPa) were much lower than that of the 
shear strength of the ply (98 MPa); failure was not purely due to the shear stress 
component. 
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Figure 3.19: In-plane stresses extracted from the first integration point at the top 
ply of the the skin just prior to observed panel failure (stiffener 
locations have been 
shown as darker regions) 
The images for the stiffener flange have been reflected in the vertical axis so the 
left 
stiffener corresponds with the left hand side of the skin 
(Figure 3.20). Within the 
stiffener flanges, both a22 and 7-12 were again not high enough to 
have individually 
caused failure. 
These results were then plotted in terms of the maximum stress criterion. 
i. e. i)l()t- 
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Figure 3.20: In-plane stresses extracted frone the first inte-ratioil 1)(m it <it the hot toil 
ply of the the stiffener flange 
ting the failure index rather than just the stress values. Experimentally, panel faili irfe 
was at an applied strain of -6261, uc. Numerically, none of the failure indices for 
each stress component had reached unity at this condition. At an applied strain of 
-6742 c, only a22 was approaching the failure strength of the ply, and this was i 
the centre of the bays (Figure 3.21). The other significant stress components from 
this were the shear stresses 712 and 'r13 (Figure 3.22) as these had failure indices i i, 
the range of 0.6 to 0.8, in the stiffener regions. It was possible that both the T12 a01(1 
7-13 were large enough to have contributed to the ply crack formation. 
Failure fill x 
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Figure 3.21: Maximum stress failure index plot, a22 at -6742p( 
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Figure 3.22: Maximum stress failure index plots at -6742p( applied st r(uiii 
Considering the in-plane stresses in the skin and the stiffener iii isolation (lid plot 
yield further information on the conditions for failure initiation. This implies Him 
the stress state present to cause failure was likely to have been due to a combination 
of the stresses present. To study this further, two well-established failure criteria, 
(Hashin and Tsai-Hill) were employed as a means of combining the stresses to pre- 
dict failure. This was a simple approach in attempting to discern what possible 
conditions the crucial stress components would be in to initiate damage. Data for 
this was also extracted from the three-dimensional version of the stiffened panel 
model (detailed in Section 3.2.2.1), in the top ply of the skin, and using the material 
properties in Table 3.1. 
3.2.2.4 Hashin matrix failure criterionll8 
To study the ply crack formation conditions, the matrix failure part of this fail- 
ure criterion was used, which was a quadratic formulation involving the in-plane 
transverse and shear stress. 
(a22)2+() Y 
T12 2=1 
(: 3.2) 
The application of this criterion to the stresses 
in the panel gave failure indices of 
just over unity when the applied strain was -4500pE, which was much 
lower than 
the observed strain at failure, -6261µE. 
The failure plot obtained predicted matrix 
failure to occur near the stiffener tip, at the node 
lines (Figure 3.23). At a node 
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Figure 3.23: Failure index plot for Hashin failure criterion at an applied "t rýýiýl of-5100µE 
line, a larger shear stress can be expected due to the maximLim twisting inoinew 
experienced here, which may have contributed to failure prediction in t1ii,, reioii. 
3.2.2.5 Tsai-Hill failure criterion"8 
The three-dimensional version of Tsai-Hill failure criterion was implemented after 
attempts at using the two dimensional version found that failure prediction occurred 
at a much higher applied strain than that seen in the panel (in excess of -1 OOU1r( ). 
I ý. 1 1> F11Q11 + F220'22 2 2 +F33a33 
+ 2F12a11Q22 + 2F13a11Q33 + 2F230'220'33 
+F11T 3+ F55Tý3 + FFR -2 
F'11 =X F'44= R 
F12 2 (x2 +112-z2) 
F22 1 = 1.2 F55 = 1 S2 F13 2 
(1 
\ Z2 11 + X2 y2 
F33 = Z12 
F66 = T-ý1 
F23 = - 
11 (1 12 1 + Z, - l=1_ 
) 
where X, Y, Z are eit her tensile or compressive va lues depending on sign of (T;;. 
and a33, and R, S, T are shear strengths of the la mina in planes 2-3.1-3 ; "'(-1 1-2. 
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Figure 3.24: Failure index plot for Tsai-Hill failure criterion at an applied train of 
-6500µE 
Using this criterion predicted failure just below -6500pt (Figure 3.24) where ,º 
failure index of unity was reached in a couple of regions near the stiffener tip. : 1ý 
with the areas predicted by the Hashin criterion, these too were close to the node 
lines, however the locations of these predictions were different to those seen in the 
Hashin failure plot. 
3.2.3 Combining fractographic and numerical analyses 
The failure locations predicted by both Hashin and Tsai-Hill criteria were situated 
in the node regions of the panel. This did not correspond with what was observed 
on the fracture surfaces. Although, there were some ply cracks in the locations 
predicted by the criteria, each criterion predicted a different location. As theý'F, 
do not indicate the critical failure mechanisms present in composites, these could 
not be used with any certainty to predict failure initiation in the stiffened panel. 
They did highlight that some combination of the stresses present were required t, 
describe the stress state at failure initiation, but a more detailed account of t1 
failure processes would have to be taken into account. To pursue failure predictioii 
using an existing criterion would most likely involve the use of criteria that too N 
failure mechanisms into account, e. g. Puck 120 or L -iRCO-4.1"` l lmvevor. evorl if , ht -,, 
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were able to give predictions that reflected when failure had initiated, this should 
still be accompanied by the ability to predict the physical mechanisms by which 
a panel will fail. Arguably, as an extension to this, one could suggest including 
cohesive elements to model failure in a stiffened panel (Section 2.8.2) but again, 
this requires knowledge of the physical failure processes to actually construct the 
model, and then to verify the predictions. By understanding how a panel fails, the 
best route to improvement can be taken as there are many parameters to vary in 
a full-scale stiffened panel; material choice, stacking sequence of both the skin and 
stiffener as well as panel dimensions. 
3.3 Summary 
Fractographically, skin/stiffener debonding was found to have been initiated by ply 
cracking in both the skin and the stiffener which led to delaminations in the longi- 
tudinal (x) direction. The stress conditions that had caused ply cracking could not 
be extracted consistently using two standard failure criteria although it was seen 
that there was some interaction present. Although this could have been further 
developed, it was felt that a more experimental approach to the problem should be 
taken as this could potentially provide information on how different factors would 
affect failure initiation as well as damage propagation. This could also give further 
insight on the conditions for failure. 
The literature review reported in Chapter 2 noted that element tests have been used 
as representations of the conditions in a post-buckled stiffened panel (Section 2.9) 
and were considered to be one way to investigate skin/stiffener debonding behaviour 
further. The three and four point bending and the lateral tension tests were selected 
to conduct the experimental studies as these had initiated failure via ply cracking, 
followed by subsequent delamination in the adjacent ply interfaces. 92,131 Failure in 
the seven-point bending had initiated in the adhesive and failure had propagated 
within the adhesive alone. This had not been the failure mechanism seen in the 
SFN5 panel in Section 3.2.1 and this test was consequently rejected. The further 
advantage of using the three and four point bending and lateral tension tests was 
that the element sizes were much smaller than that of the seven point bending 
specimen, and only required a flange rather than a full stiffener. This would allow a 
larger number of parametric variations that could be studied for a limited amount 
of material. The work done on this study has been reported in Chapter 5. 
CHAPTER 4 
DIGITAL IMAGE CORRELATION (DIC) 
4.1 Overview 
The aim of the research reported in this chapter was to verify the accuracy of us- 
ing the Digital Image Correlation (DIC) technique for characterising the strain and 
displacement fields in the element tests (Chapter 5). The results of using DIC to 
characterise stiffened panels under compression have also been reported. These tests 
highlighted several issues regarding image capture, including the importance of u. uni- 
form lighting throughout a test and techniques to cope with the system calibration 
difficulties associated with small measuring volumes (under 20mm3). During &t, i 
processing, the most important issue was found to be the description of the facet size, 
which varied between specimens and was predominantly dependent on the speckle 
pattern. 
4.2 Application of the DIC technique using GOM's 
ARAMIS System 
An overview of DIC has been given in Section 2.6.1.3. This section deals with the 
application of DIC using the ARAMIS 1.3M system developed by GOBI GmbH. ' 6 
This consisted of two pairs of cameras that used Schneider- hreuznach lenses (: 3 7 )i nc1 
and 50mm) and produced images with a resolution of 1280 x 1024 pixel,. These 
were processed using the Aramis software version 5.4.1-s. 
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Capturing the three-dimensional full field strains and displacernenr entail". 
" Stereoscopic image capture, using two cameras. of a reference state iild tl iý 
subsequent deformed state (each of these states will be referred to as a 'stac-e', 
" Processing of these images to obtain a displacement and consequenltly. ýý ýt r<ýirl 
field, between the two deformed states. 
4.2.1 Image capture 
4.2.1.1 Speckle pattern 
To enable processing, the specimen surface had to be coated with a r<u1ddoI11 aa1I(1 
contrasting pattern, similar to one shown in Figure 4.1. This was done with ý+ 
Badger 200-3 airbrush, with the spot size varied for different measuring volume. 
There were no precise guidelines, so judgment of a suitable speckle size was done by 
trial and error and was then validated on processing. 
", 'o, ý 40 
AU', 
lid 
f-7 
Ilk 
Figure 4.1: Example of a surface speckle pattern seen through cameras - 1(1) x 102-1 
pixels82 
4.2.1.2 Calibration 
Calibration of the apparatus required the use of a calibration panel that was nip- 
proximately the same size as the measurement volume. The calibration procedure 
effectively defined a cubic volume over which strains and displacements would 
1w 
computed accurately. The calibration parameters that influenced the measurable 
volume and computational accuracy obtained from this calibration procedure wen, 
required to be within the recommended ranges quoted by COI . 
''-'° 
The particular calibration parameters of interest are: 
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" Calibration deviation: This is a measurement (in pixels) of how much one 
camera has to tilt in the vertical plane to observe the same point on the ima--e 
as the other camera. 
" Height variance: This defines the depth of field of the measuring volume. 
" Angle variance: This indicates how well out-of-plane distortion is measured. 
For small measuring volumes (i. e. viewing a surface approximately I5mm by Mimi) 
it was difficult to adhere to these recommendations. Following consultation with 
GOM, 165 it was recommended that the calibration result values obtained that were 
higher than recommended would be acceptable without detriment to the processed 
results. The effect of these calibration parameters on the computed deformation 
and strain fields was studied and described in Section 4.3.1. 
4.2.1.3 Lighting 
Lighting of the specimen surface was important since it influenced whether or not 
the system could match the images from each camera. One of the biggest problems 
encountered was when there was glare on the image viewed by one camera but not 
the other. When this happened, the system could not correlate the affected point 
on the pair of images and computation for that point was disabled. To maximise 
the depth of field, the camera aperture was stopped down, and was consequently 
sensitive to any changes in the lighting conditions. Therefore, any variation in the 
lighting led to problems in taking measurements. The effect of lighting was examined 
experimentally in Section 4.3.2.3. 
4.2.2 Image processing 
Processing of the images was done by dividing the image into subsets of pixels 
(referred to as facets). These facets could overlap each other; this overlap was 
quantified by the distance between the facet centres (step size, see Figure 4.2). The 
appropriate facet size is to ensure that the displacement of every point within the 
image can be determined using the displacement of the centre point and thus the 
strain (i. e. the displacement derivative) of the facet. It should be large enough to 
contain pixels with enough varying grey values to make the facet unique, but small 
enough such that the strain within the facet is uniform. The choice of facet size 
affects the resolution, accuracy and the noise in the results. As a rough guideline, a 
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Facet size 
2.5mm 
/ý 
Step size 
16 ýL : e1 
Figure 4.2: Facet and step sizes 
larger facet size increases accuracy because the average displacement is taken over a 
larger number of pixels, however this is highly dependent on the specimen and the 
speckle pattern. For example, to characterise in detail the strain state of a layered 
composite with a thin adhesive bondline would require a small facet size (depending, 
on the measurement window) to obtain results on a local level, whereas a large facet 
size could be used for an isotropic specimen undergoing a simple loading condition. 
A larger facet size can smooth out any local effects that may occur and so facet 
size should be chosen carefully especially when looking at layered effects within 
composites. 
4.3 Accuracy and precision 
In any experiment, it is important to assess the accuracy and the precision (repeata- 
bility and reproducibility) of the data obtained. The accuracy of a measurement is 
how close it is to the true value of that measurement. The precision is a measure- 
ment of the variation/ scatter between these measurements on nominally identical 
conditions. In the Aramis system, the accuracy is dependent on the camera setup, 
and the calculation deviation. Noise from the camera affects the precision (repeata- 
bility). 
To characterise these quantities, several simple tests were performed, the results of 
which were analysed to give an indication of the factors that influenced the accuracy 
and precision of the measured quantities. 
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4.3.1 Multiple shots at zero loading 
Noise and accuracy was studied by taking a succession of images of an unloaded 
specimen with a similar measurement window to that required in the element tests. 
The specimen was in an unloaded state to minimise any vibrations that the testing 
machine may impart to the specimen. Since there was no load, there should have 
been zero displacement and strain at all stages. This set of images was measured for 
different `calibration deviation' values to see if it had any effect on the noise, as well 
as computations with varying facet sizes and steps. The calibration deviation was 
the most difficult factor to set up within the recommended range (< 0.04) for the 
calibration plate and measurement window used. The calibration deviation values 
used were 0.032,0.051 and 0.08. A strip of duralumin with the dimensions shown in 
Figure 4.3 and an overall length of 200mm was used as the test specimen and was 
speckled with an airbrush described in Section 4.2.1.1. 
19mm 
2. 
Figure 4.3: Duralumin specimen used for accuracy and noise measurements 
Examples of the full field longitudinal strain (Er) results for the side of the specimen 
are shown in Figure 4.4. The overlap between the facets was fixed at 2 pixels (the 
default setting for the Aramis system is 152 with an overlap of 2 pixels). It can be 
seen from these images that the facet size did influence the amount of noise in the 
results, with the smallest facet sizes exhibiting the noisiest images and the largest 
facet sizes exhibiting a more uniform distribution of zero strain. 
The complete strain field (Ex, Ey and E,,,, Q, ja,. 
) was outputted and the average and 
standard deviation of all of these results were plotted with respect to facet sizes and 
calibration parameter (Figures 4.5 and 4.6). The average strain value was indicative 
of the average accuracy of the measurements as these should have been zero, whilst 
the standard deviation indicated the precision of these measurements. Figure 4.5 
and 4.6 show the relative influence of facet sizing and result type on the average and 
standard deviation respectively. In Figure 4.5, the true value should be 
Vo strain. 
The result with the largest error was the major strain (E1,,, jor), the reason which is 
apparent when considering the definition of major strain. 
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The deformation gradient tensor, U has the following formlos 
U11 U12 (i+cx Exy 
U21 U22 Ery I+ Ey 
Converting U to its main diagonal form, the principal strains are extracted by 
evaluating the two eigenvalues A, (major strain) and )2 (minor strain): given by 
equation 4.2: 
A1,2 = 1+ 
Ex+Ey (cx-ý-Ey 
-- 
(Ex. 
Ey-ETy) (ý2 
22 
Since the major strain is always the largest positive value that results frone Equation 
4.2, this strain will have the largest offset from the true 0% strain seen in Figure 4.7) 
compared to the average values of e_, and E. It was also apparent that a larger facet 
size yielded more accurate results for E,,, aja,.. However for Ex and Ey, facet size did 
not appear to have affected the accuracy much. This observation seemed to have 
held true for all three calibration parameters studied. 
Regarding the standard deviation of the results (Figure 4.6), there was a marked 
effect of the facet size across all calibration parameters, especially for C, "'j, and 'E, '. 
For these two results, the larger the facet size, the smaller the standard deviation. 
The relationship between facet size and standard deviation across all calibration 
parameters was not clear for Ey . 
However, in general, this measurement did not 
have a large standard deviation compared to the other strain results. 
To illustrate the relative importance of facet sizing compared to the calibration de- 
viation, the average and standard deviation of c_, for different sets of parameters is 
shown in Figure 4.7. The recommended maximum calibration deviation (during ap- 
paratus setup) is 0.04 pixels. Regarding the average strain across the specimen and 
the standard deviation of these results, it cannot be conclusively argued that a value 
less than 0.04 was necessary for improved accuracy or decreased noise. However, 
what was important was the influence that facet size had on the noise. 
GOM GmbHls5 have quoted the accuracy of computed measurements to be about 
0.05 pixels. This subpixel accuracy is based upon how much the grey- values of the 
pixels change from one calculated image to another. However, accuracy is highly 
dependent on many factors and the accuracy quoted by GOBI was for default values 
of facet sizing and calibration parameters. For characterising small volumes. since 
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Figure 4.7: Influence of calibration parameters and facet sizing 
the recommended calibration parameters were not achievable and the facet sizing 
would have been too large to capture local material effects. Therefore both of these 
parameters had to be relaxed, which resulted in a loss in accuracy. There is an 
approximately inversely linear relationship between the number of pixels and the 
accuracy of the facets, so using facets of the order of 5x5 pixels has an accuracy 
of about 0.5 pixels. 165 For the measurement window used, this roughly translated 
to a minimum displacement of 7µm (as 1024 pixels corresponded to a measurement 
window width of 15mm). 
To summarise, this study into quantifying the accuracy and noise of the Aramis 
system has shown that: 
" The accuracy was greatly improved when using the directional strains, Ex and 
Ey instead of major 
" The calibration deviation did not greatly influence the accuracy or precision 
(a maximum calibration deviation of 0.08 pixels was considered). The recom- 
4. DIGITAL IMAGE CORRELATION (DIC) ý. 5 
mended value is 0.04 pixels. 
" The precision was highly dependent on facet size. A facet size x step of 
5x3 should be avoided; 7x5 and larger yield relatively accurate results with 
higher precision (smaller standard deviations. ). The improvements as facet 
size increased was not so marked in comparison to the improvement gained 
between 5x3 and 7x5 facet sizes. 
4.3.2 DIC validation checks 
Several checks were performed on the DIC measurement system to ensure that the 
results obtained were reliable. In all these checks, the measured strains should 
have been as close to zero as possible. Ten images were taken at each perturbation 
(explained in detail in Sections 4.3.2.1 - 4.3.2.3) and the results presented were an 
average of the results from these. The results were obtained by using the default 
settings for the processing, i. e. a facet size of 15 by 15 pixels, with a 13 pixel step, 
after the speckle pattern was judged to be suitable for this facet size. The strains 
calculated for all facets were extracted; ex, Ey, E, z and 'yxy. These results for one 
image were averaged to obtain the overall strains in the respective directions with a 
corresponding value for the standard deviation. The average strain and the standard 
deviation were further averaged over the ten images to obtain one value for each 
strain component per perturbation. The strain field output for each perturbation 
was presented only for the horizontal strain component (Ex) as the findings were 
similar for all strain components. 
4.3.2.1 Application of rigid body motion 
The perturbation for this test was a horizontal rigid body movement of a specimen. 
The same duralumin specimen used in Section 4.3.1 was used (Figure 4.3), coupled 
with a measurement window of about 40mm x 36mm. This specimen was in contact 
with an LVDT that measured the displacement applied to the specimen. 
A total of 6 perturbations from the initial state were applied. Each was designated 
a letter shown in Table 4.1, which also shows the DIC results for horizontal dis- 
placement. The displacement of the specimen was measured in the same way a, 
the strain, by averaging the displacement of each facet over one image, and then 
averaging this over the ten images captured (Table 4.1). There was good agreement 
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Position ( DIC displacement (mm) LVDT displacement (mm) 
A (initial state) 0 0 
B 0.25 0.24 
C 0.43 0.42 
D 0.59 0.. 5 
E 0.71 0.70 
F 1.37 1.34 
ýý 
Table 4.1: Average horizontal displacement (to the left) for each perturbation, DIC 
and LVDT values 
between the LVDT and the DIC measurements; the slight discrepencies may have 
been due to the movement not being directly in line with either the LVDT or the 
DIC measurement. 
The strain results have been presented in Table 4.2 and Figures 4. Sa and b. The 
average strain recorded for each perturbation was very close to zero, and it could 
be seen that rigid body motion did not influence the strains recorded as there Nvas 
no significant difference between position A (the initial unperturbed position) and 
positions B to G (Figure 4.8a). The standard deviation (an indication of the amount 
of noise present) had negligible variations between all positions (Figure 4.8b). The 
perturbed strain fields obtained by the DIC were similar (Figure 4.9 shows the strain 
field for the initial and one of the perturbed states), and when compared to the initial 
state it was seen that variation in the calculated strain field was relatively constant 
over all rigid body motion displacements. 
This test showed that the system was capable of dealing with rigid body motions, 
and did not record any significant strain between each set of displacements. 
6x (%) 
Average S. D. 
¬y (%) 
I Average S. D. 
Ez (%) 
I Average S. D. 
ýxy (degrees) 
I Average S. D. 
A -0.00048 0.066 0.0068 0.27 0.0054 0.25 2.8 x 10-5 0.0017 
B -0.00039 0.15 0.0050 0.47 0.0014 0.50 -3.1 x 10-5 0.0036 
C -0.00051 0.13 0.0055 0.49 0.0019 0.50 0.69 x 10-5 0.0034 
D -0.00007 0.11 0.00065 0.38 -0.0013 0.40 0.45 x 10-5 
0.0028 
E -0.00085 0.15 0.0064 0.46 -0.0045 0.49 -6.97 x 10-5 
0.00353 
F -0.00083 0.12 0.00641 0.46 0.0030 0.45 2.5 x 10-5 
0.0030 
Table 4.2: Average strains and standard deviation results for rigid body motion 
tests 
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4.3.2.2 Deformation of a paper specimen 
In this test, a paper specimen was deformed and images were taken in these various 
deformed positions (Figure 4.10). In this case, the speckle pattern would move due 
to the deformation, but no strain should have been recorded. 
Position A 
............................... 
Position E 
Position B 
;.......... 
................................ ..................................... 
....:..,; ..... '......,..,:..... ................................. 
Position D 
L..... 
Figure 4.10: Graphical representation of paper specimen positions 
Although the strains recorded were an order of magnitude higher than those mea- 
sured in the rigid body motion tests (Table 4.3 and Figure 4. lla), the values were 
still small and close to the ideal of zero. The amount of noise seen in the results was 
significantly higher for position E. A possible explanation for this was that this had 
the largest component of out-of-plane displacement (Figure 4.12e) and could have ex- 
ceeded the boundaries that the system had been calibrated for. Figure 4.13e showed 
that the variations in noise seemed to be concentrated around the edges of the inea- 
sured areas, especially at the top and bottom where the largest displacements were 
located. The shape deformations were successfully recorded by the system (Figures 
4.12a-e) and the distribution of strains were also relatively constant, close to zero 
(Figures 4.13a-e) which was the expected result. 
This type of deformation exhibited a larger effect on the error in the measured strain 
and in the amount of noise over the entire measurement area in certain perturbed 
Position C 
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Eý (%) Eb (%) Ez ( %) -, ry (degrees Average S. D. I Average S. D. I Average S. D. Average S. D. 
A 0.0014 0.044 0.00096 0.044 0.0023 0.062 0.15 x 105 0.00059 
B 0.0091 0.095 0.0030 0.086 0.012 0.13 -2.9 x 105 0.0012 C 0.0057 0.085 0.0047 0.071 0.010 0.11 -4.8 x 105 0.0012 
D 0.015 0.096 0.011 0.11 0.025 0.15 -19 x 105 0.0014 
E -0.0059 0.16 0.0012 0.23 -0.0060 0.28 15 x 10'5 0.0027 
89 
Table 4.3: Average strains and standard deviation results for paper deformation test 
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Figure 4.11: Direct strain results for paper deformation test 
positions. However, it was felt that overall, the system performed as expected 
in 
the measurement of strain. 
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4.3.2.3 Effect of lighting 
92 
To examine the effect of lighting, the initial lighting conditions were those that gave 
a clear focused image with a minimised camera aperture for a larger depth of field, 
with a short shutter time. Perturbations chosen from this state were in the form of 
direct, focused lighting from various angles (Figure 4.14) 
Position A- ambient lighting 
Specimen 
Position B- angled direct light source 
Light 
Position C- close direct light source 
Position D- far direct light source 
0 
Position E- angled direct light source 
0 
O 
0 Front View Side View 
Figure 4.14: Graphical representation of direct lighting positions, as viewed by the 
camera (directly facing the specimen) 
It was seen that the changes in lighting from the initial state did influence the results 
obtained, both in the accuracy of the strains (Table 4.4 and Figure 4.15a) and the 
noise seen in the measurement area (Figures 4.15b and 4.16a-e). The values of the 
strains in the perturbed state were generally the same, however, the amount of noise 
obtained was largely dependent on the type of lighting that was used. 
Lighting 
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position C gave the most amount of noise, and it could be seen that there were 
many points that had exceeded the intersection deviation limits imposed in the DIC 
software; this had been due to the amount of glare at different angles produced by 
this sort of light. Consequently, strain values were not calculated for these points 
(Figure 4.16c) 
"X (/0) 
Average S. D. I 
cu (/o) 
Average S. D. I 
Ez (17c) 
Average S. D. 
"' ry 
(degrees) 
Average S. D. 
A -0.00003 0.046 -0.00054 0.15 -0.0010 0.15 -0.70 x 105 0.0012 
B 0.037 0.16 0.024 0.15 0.059 0.15 2.9 x 105 0.0026 
C 0.055 0.53 0.015 0.39 0.059 0.45 17 x 105 0.0076 
D 0.045 0.40 0.017 0.53 0.055 0.68 -1.1 x 105 0.0057 
E -0.034 0.14 0.023 0.26 -0.059 0.30 -2.39 x 105 
0.0026 
Table 4.4: Average strains and standard deviation results for different lighting con- 
ditions 
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Figure 4.15: Direct strain results for different lighting conditions 
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Figure 4.16: Horizontal strain, Ex output at different lighting conditions, the mea- 
surement window is 40mm x 36mm 
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Lighting had a great effect on the noise seen in the strain data. It also affected 
the average strain value of the full field obtained, which was an order of magnitude 
higher than the strains calculated for the paper deformation test and two orders of 
magnitude higher than the strains in the rigid body motion. However these values 
were still quite close to the ideal zero value. Although it can be concluded that. 
the average strains are not greatly affected by the change in lighting conditions. the 
result at a certain point was highly unreliable due to the amount of noise present. 
This demonstrated that it was important to keep the lighting constant during a 
continuous test, especially if changes in strain across the measurement window were 
expected. 
4.3.3 Comparison with finite element prediction 
Using the (unstiffened) duralumin specimen described in Section 4.3.1. load was 
applied under four point bending up to an applied displacement of 41nin. The 
loading rate was 1mm/min and images were taken every 2 seconds. In parallel, 
a FE predictive model was formulated using 20 noded brick element (C3D20) in 
ABAQUS (Figure 4.17) and the strains at 4mm applied displacement were taken 
for comparison with the DIC results. Figure 4.18 shows a comparison between t lie 
lateral strains for the FE prediction and DIC results; there was a good agreement. 
The c., strains through the thickness at 2mm increments from the roller 
(as a ref- 
erence point) towards the midspan (in the direction indicated 
by Figure 4.18a) 
predicted by FE and measured using DIC are shown in Figure 4.19a. 
The error 
bars shown in Figure 4.19b for the 0mm DIC measurements represent two standard 
deviation value (corresponding to a 95% confidence interval) obtained 
from previous 
analysis of precision in Section 4.3.1 for a 152 facet size, step 13. 
This shows that 
both the FE and DIC quantitative results agreed within two standard 
deviations 
even in the worst case (0.07% strain). However, this value 
for precision was too low 
to be used for small values of strain as seen in this case: the percentage 
difference 
between the DIC and FE values here was almost on average 50%. 
Quantitiatively, 
the results at this strain level are potentially misleading, 
but the general behaviour 
is captured well. Using the DIC at higher strains should 
decrease the influence that 
the noise has on the quantitative results. 
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Figure 4.17: Ex results from FE predictive model of duralumin specimen under 4 
point bending, at 4mm applied cross-head displacement. 
3 
LODE: 
c3d6 meehl. odb ABAQUS/STANDAPD Version 6.5-1 The Nov 06 15: 39: 25 GMT Standard Tune -007 
Step: load 
Increment 1: Step Time - 1.000 
Primary Var: LE, LE11 
Deformed Var: U Deformation Scale Factor: +1.000e400 
LL, Lt11 
(Ave. grit.: 751, ) 
+3.035e-03 
+2.527e-03 
+2.018e-03 
+1.509e-03 
+9.996e-04 
+4.907e-04 
-1.830e-05 
-5.273e-04 
-1.036e-03 
-1.545e-03 
-2.054e-03 
-2.563e-03 
-3.072e-03 
(a) FE model of duraiumin specimen 
Figure 4.18: Graphical comparison between predictive (FE) and DIC, longitudinal 
strain c_, 
(b) DIC results of duralumin specimen 
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tion as calculated from Section 4.3.1 
Figure 4.19: DIC and FE E' results at 4mm applied displacement 
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In summary: 
(J 
" The graphical results (Figure 4.18b) gave a good general overview of the strain 
field on the face of the specimen. This is potentially useful for identifying strain 
`hotspots' on a specimen. 
" The quantitative results at low strains have a relatively low precision. affecting 
the reliability of the accuracy of the data. 
" It is perhaps prudent to include simple FE analyses of the experiments to be 
conducted so the general experimental strain field behaviour of a specimen can 
be compared, especially in the early stages of loading. 
4.4 DIC on stiffened panels under compression 
The DIC system was employed to characterise the out-of-plane displacement of 
three different stiffened panels loaded in compression as part of the DA NIOCLES III 
programme, which was involved with studying the compression after impact (CAI) 
performance of various panel designs. 166 What was gained from this was the use of 
this measurement system on a relatively large window (about 400 x 4001-nm) and 
comparisons to strain gauge data. 
4.4.1 Introduction and background to DAMOCLES II 
As part of the DAMOCLES II program, three panels (DAM 1-1, DAMM 1-2 and 
DAM 2-2, as described in Section 4.4.2), which contained impact damage as well 
as various through thickness reinforcements, were tested in monotonic compression 
to examine their behaviour under compression. Prior to testing in the presence of 
the DIC equipment, these panels had been loaded both statically and under fatigue 
up to -3000 Me, to drive delamination growth, but no damage growth 
had been 
observed. Static tests were then conducted up to -4000 ME, and as failure did not 
occur, fatigue at this level was carried out on DAM 1-1, with negligible damage 
growth. The main area of interest for the work reported here was to monitor the 
compression behaviour and postbuckling using the DSP equipment to study the 
overall panel behaviour. Conventional strain gauges were also used to compare the 
two measurement techniques. 
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4.4.2 Overview of the manufacturing route 
Three different types of panels had been made via different manufacturing routes: 
tape and resin film infusion (Hexcel HTA/977-2 and HTA/M36 respectively). A 
normal panel with no reinforcements was made out of the prepreg (designated D ANI 
1-1). A second panel with identical geometries to the first was made but with Z-pins 
included (DAM 1-2). Stitches were used as a reinforcement for a third panel made 
using the RFI method, with a woven fibre architecture (DAM 2-2). These panels 
were then impacted in the various locations and strain gauges were also attached. 
4.4.3 Testing procedure 
4.4.3.1 Static tests 
Panel DAM 1-1 was loaded up to an average applied compressive strain of -3600 luu, 
DAM 1-2 to an average applied strain of -3400 µE and DAM 2-2 to -1720 pc. 
Originally, it was planned to load the woven panel (DAIST 2-2) up to the same 
applied strain as the others, however during loading, a sudden cracking noise was 
heard, and the panel was immediately unloaded. DIC images of the skin face were 
recorded at approximately regular intervals. 
Some strain gauges were removed to facilitate the use of the DIC. It was found during 
setting up of the plain panel (DAM 1-1) that it was difficult to collect information 
from the full panel width, due to the track restriction between the two cameras. 
This led to intersection errors, resulting in no data collection at those particular 
points. This was seen to mostly occur around the extremities of the panel. The 
decision was then made to instead capture two thirds of the Z-pinned (DAM 1-2) 
and woven (DAM 2-2) panels. 
4.4.3.2 Limitations of the DIC equipment 
Lighting was found to be the main issue. Areas with high glare gave rise to conflict 
between the two cameras that were recording the same surface, i. e. one camera 
would see an area of white, whereas another would see an area of 
black (intersection 
error). This resulted in no data collection at these sites. The sites of removed strain 
gauges were a potential area of data loss as the wires attached to these would 
have 
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cast a shadow, thereby giving rise to discrepancies between the images obtained by 
the two cameras. 
Spacing between the cameras was found to limit the field of view of the cameras. 
Due to equipment constraints, it was difficult to configure the equipment to capture 
data at the extreme sides of the panels. Upon further data reduction, it was found 
that there was some disagreement between the strain gauge and DIC results, the 
extent to which increased away from the centre of the field of view (Section 4.4.5). 
4.4.4 Results 
Considerable information could be obtained from the data collected, but of partic- 
ular interest was the displacement measurements at various stages, as this was the 
dataset from which all other information was derived using relevant calculations. 
The contour plots have been displayed in Figure 4.20. To produce these plots, data 
has been smoothed and extrapolation used to fill in gaps left by intersection errors. 
The effects of this can be seen as sharp discontinuities in the contour plots. Uninter- 
polated contour plots at the maximum applied strain have been included in Figure 
4.21 for reference. 
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Figure 4.20: Contour plots of out-of-plane displacements (6z) 
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Figure 4.21: Uninterpolated out-of-displacement (6z) contour plots 
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All the panels buckled during loading. The two prepreg panels (DANI1-1 and 1-2) 
buckled into one half wave within each bay (Figures 4.20 a and b), with the woven 
RFI panel (DAM 2-2) (Figure 4.20c) exhibiting a global buckled state. 
4.4.4.1 Plain panel, DAM 1-1 
The maximum displacement at an applied strain of -3604 u¬ was 3.30 mm, in the 
centre of the middle bay as seen in Figures 4.20a and 4.22. Displacements in the 
two outer bays were not as high, these were around 2.46mm and 2.90 mm. The 
proximity of the free edges would have influenced the buckle geometry in these 
outer bays; these were not as constrained as the central bay. 
4.4.4.2 Z-pinned panel, DAM 1-2 
The maximum displacement was 3.01 mm at an applied strain of -3399/JE, again in 
the centre of the middle bay. As seen in the plain panel, displacements in the two 
outer bays were lower, 1.53 and 2.15 mm. This had a lower out-of-plane displacement 
than the one seen in the plain panel, which may have been expected due to the 
(b) Z-pinned panel DAM 1-2 
increased thickness from inclusion of the Z-pins. 
(a) Plain panel, DAM 1-1 
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Figure 4.23: Z-pinned panel DAM 1-2: Development of out-of-plane displacements 
across panel width at midsection 
4.4.4.3 Woven panel with stitching, DAM 2-2 
This panel buckled into a different buckle mode to the other two panels which may 
have been due to or the cause of the cracking heard during loading. The buckle 
mode was either influenced by damage formed, or by the material itself, as this 
was a much thicker panel in comparison to the other two panels (7.42 mm rather 
than 5 mm). The maximum displacement was also much less than the other two 
panels; 1.03 mm. The stitching may also have had an effect on the buckle mode 
shape as this was located on the middle two stiffeners. There is an expectation 
that the displacements in the two outer bays should be the same. The increase in 
displacement of about 0.5 mm in the right hand bay for both the prepreg panels 
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may be down the application of the load not being uniform along the top of the 
panel. 
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Figure 4.24: Woven panel DAM 2-2: Development of out-of-plane displacements 
across panel width at midsection 
In all three panels, there was no indication from the DIC measurements that the 
impacts had any effect on the deformations under compression, for example, in the 
form of localised buckling. 
4.4.5 Strain gauge data comparisons 
Strain data from the DIC was taken to compare with the strain gauge data to see 
if these two methods were in agreement. The data was taken from an area the 
same size and as close as possible to the strain gauges. The comparisons from the 
plain panel DAM 1-1 are shown in Figures 4.25a and b. In general, there was good 
agreement in the centre of the panel, but discrepancies increased as the limit of the 
cameras' field of view was reached. Another possible cause of the discrepancies was 
the reliability of the data that was used from the DIC. As mentioned previously, 
lighting was an issue and the raised areas around a strain gauge were particularly 
susceptible to this. Hence, some data points used in these calculations would have 
had some error. Strain data obtained using the DIC method will not be as accurate 
as the strains obtained from the strain gauges, as this is a derived result from the 
measured displacement results compared to a direct measurements from the strain 
gauges. 
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Figure 4.25: Plain panel DAM 1-1; strain gauge data comparison 
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4.4.6 Conclusions from the DAMOCLES II measurements 
The strain results in the panel centres could be considered accurate and used quan- 
titatively. Strains in the outer regions were not accurate due to the limit of the 
cameras' field of view, and care must be taken when using the strain data in these 
regions. It was difficult to determine the exact region in which accurate strain data 
can be acquired without more study. It should be noted that this was the first time 
the system was used for collecting data; variables such as a suitable speckle pattern 
for this measurement window, lighting arrangements, apparatus set-up and image 
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capture methods which could impact heavily on the accuracy of the results obtained. 
could all have been improved with the larger amount of experience that was gained 
through the duration of this project. 
As a full field deformation measurement technique. the DIC provided very good 
information pertaining to the buckle mode shapes and the out of plane deformations. 
Caution should be exercised when examining particular values far away from the 
centre, especially when the apparatus set-up deviated away from the recommended 
ranges provided by the manufacturers. 
4.5 Summary 
The work reported in this chapter has highlighted difficulties and the reliability 
associated with DIC measurements and results for composites respectively-. As a 
full-field quantitative measurement system, accurate data can be obtained in terms 
of strains and displacements. Once set up and calibrated, it is a fairly robust system, 
especially for larger specimens and can be used on repeated experiments without 
much additional effort. Adhering to the default system values during processing 
produced results with higher accuracy and lower noise, but this may not be possible 
in all cases. When these default values are changed, care must be taken by balancing 
the speckle pattern applied on the specimen, ensuring optimum lighting conditions 
and assigning suitable facet sizes during processing. 
CHAPTER 5 
ELEMENT TEST STUDIES 
5.1 Overview 
The effects of different parameters such as material and geometry on stiffened panel 
failure can be explored at a lower experimental cost by using element tests rather 
than full-scale panels. Therefore in this Chapter, parameters such as material, 
stacking sequence and bonding methods were varied and defects were included at the 
skin/stiffener interface. These specimens were tested in three and four point bending 
and lateral tension as described in Section 2.9. As well as the load-displacement 
response, full field strain and displacement measurements were also made using 
Digital Image Correlation (DIC) (Chapter 4) to characterise the strain state before 
and after damage initiation. Finite element models were formulated for comparison 
with the experimental results. Finally, fractographic analysis was conducted to 
compare between different element configurations and also for comparison with full- 
scale panel failures. This was to verify that the element tests reproduced the failure 
mechanisms encountered in the full-scale stiffened panels (detailed in Chapter 6). 
5.2 Introduction 
From the detailed study of the EDAVCOS SFN5 panel (Section 3.2.1), it was seen 
that ply splitting was the initiation mechanism in the failure of these stiffened pan- 
els, from which delamination grew in the adhesive and within the laminate in the 
longitudinal direction in the panel. The three and four point bending and lateral 
tension tests were selected as these had initiated failure via ply cracking (Section 
106 
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2.9). The disadvantage of using these element tests was that there would not be 
any significant degree of longitudinal shear to drive any subsequent delarnination 
growth from the ply cracks. However, it was felt that as a test to investigate and 
rank the influence of material and geometrical parameters on the initiation of fail- 
ure, these methods had the potential to provide a valuable insight into skin/stiffener 
behaviour. 
5.2.1 Parametric Variations 
The effect of material, skin and flange stacking sequence, skin/stiffener interface, 
specimen geometry, and the inclusion of defects on element behaviour were studied. 
These specimen variations have been summarised in Tables 5.1 and 5.2 and the test 
specimen geometry, which was fixed, is shown in Figure 5.1. In this section, the 
motivation for choosing these particular parameters is discussed. 
Stiffener length 
55 nm 
ý:;:: Specimen width 
20,40 or 60 mm 
Skin thicknessr Stiffener thickness 
3 nun I 1.375 mm 
Specimen length 
200 mm 
Figure 5.1: Test specimen geometry (nominal dimensions) 
5.2.1.1 Materials 
Three different carbon-fibre/epoxy prepreg materials were used. These three mate- 
rials were chosen because they are widely used in aerospace applications and there 
is considerable background literature on them (Tables 5.3 - 5.5). 
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Hexcel HTA/6376 (Configuration A) 
110 
This material was originally chosen as the benchmark configuration because 
it was the system in the EDAVCOS panels. 133,144-147 This is a high strength 
carbon fibre reinforcement with a modified epoxy matrix. 
Hexcel AS4/8552 (Configuration B) 
This material was later chosen as the benchmark configuration as a replace- 
ment to the original benchmark (HTA/6376) to complete the testing plan, as 
both the original prepreg and adhesive were in limited supply. This material 
was selected because it had similar stiffness, strength and toughness (see Table 
5.5) to HTA/6376. 
Hexcel IM7/8552 (Configuration H) 
This material was chosen since it had the same matrix as AS4/8552, but a 
stiffer fibre type. This material is used in many current military aircraft such 
as the Typhoon. 
It should also be noted that the adhesive used in configuration A (Cytec FM300-2M) 
differed from that used in the rest of the program (Cytec FM300-K), again due to 
material supply difficulties. 
Property I AS4 IM7 HTA 
Youngs modulus, E (GPa) 231 279 238 
Tensile strength, X (MPa) 4480 5810 3400 
Tensile strain to failure (%) 1.8 1.9 - 
Filament diameter (µm) 7.1 5.1 7 
Table 5.3: Fibre properties 167,168 
Property 1 6376 8552 
Youngs modulus, E 3.6 GPa 4.67 GPa 
Tensile strength, X 105 MPa 121 MPa 
Tensile strain to failure (%) 3.1 1.7 
Table 5.4: Resin properties 169,170 
5.2.1.2 Stacking sequence 
Stacking sequence configurations C, D, E, F and C (Table 5.1) were formulated as a 
result of the failure progression observed in the benchmark and modified benchmark 
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Property HTA/6376 AS4/8552 IM 7/85.52 
Ply longitudinal modulus, Exten, 8io, t 
(GPa) 145 141 164 
Ply transverse modulus, Eytensian (GPa) 10.3 10.0 12.0 
Out-of-plane modulus, Eztensio,. t (GPa) 12.1 10.5 10.5 
In-plane shear modulus, G., (MPa) 5300 5281 4500 
Out-of-plane shear modulus, Gxx (MPa) 5275 5281 4290 
Out-of-plane shear modulus, Gyz (MPa) 3950 3585 3190 
Poisson's ratio, vxy 
Poisson's ratio, v,, x 
Poisson's ratio, vyz 
0.301 
0.500 
0.495 
0.32 
0.32 
0.400 
0.3 
0.31 
0.487 
Maximum ply tensile strain at 0°, E11 (%) 1.55 1.57 1.66 
Maximum ply tensile strain at 90°, E22 (%) 0.62 0.81 0.85 
Maximum shear strain, 5'12 (%) 1.71 2.15 2.67 
Ply longitudinal tensile strength, XT (MPa) 2250 1980 2600 
Ply longitudinal compressive strength, Xc (MPa) 1600 1419 1500 
Ply transverse tensile strength, YT (MPa) 64 71 60 
Ply transverse compressive strength, YC (MPa) 290 - 290 
Ply shear strength, S (MPa) 98 95 90 
Interlaminar shear strength, Tay (MPa) 91 - 117 
Interlaminar shear strength, Txx (MPa) 45 126 38 
Critical strain energy release rate, mode I, GI, (Jm-2) 225 - 210 
Critical strain energy release rate, mode II, GII, (Jm-2) 700 - 610 
Table 5.5: Prepreg material properties164 
configurations (A and B respectively) and were designed to examine the influence 
of: 
1. A softer/more compliant stiffener through changing the layup whilst keeping 
the number of plies (and consequently geometry) constant. 
2. Creating a potentially more tortuous path for crack propagation in the skin. 
Effect of skin stacking sequence, keeping the flange constant 
Configuration D: skin layup (+/-/+/-/+/-/02/90/+/-/0)s 
The skin laminate of configuration D had a compliant layup, with a longi- 
tudinal flexural modulus almost half that of the original SFN5 (benchmark) 
design (Table 5.6). The outer surfaces consisted solely of angled ply lamina to 
study the effect this could have on failure propagation. Due to the higher com- 
pliance, it was expected that for a given load, a larger degree of deformation 
would occur thus inducing higher strains compared to those in the benchmark. 
Hence it was anticipated initiation would take place earlier. However, it was 
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also expected that failure progression would be more stable. 
Configuration F: skin layup [0/+/-/90/02/9%/+/-/0/90]s 
This layup was derived with the full-scale stiffened panel in mind. By including 
a higher proportion of 0° plies, it was thought that in a full-scale panel a higher 
loading could be achieved for the same in-plane deformations. Although in 
practice, for damage tolerance reasons, a 0° layer is not usually used as the top 
layer, this was done to study the effect on failure initiation and progression in 
the stiffened element. This configuration was much stiffer than the benchmark 
in the full scale panel stiffener direction, but had similar flexural stiffness in 
the longitudinal element direction (i. e. transverse to the stiffener) (Table 5.6). 
Configuration G: skin layup /90/+/-/0 33 
Configuration G had a quasi-isotropic layup similar to that of the SFN5layup, 
but with the 90° ply on the surface. It was thought that the direction of the 
top ply would inhibit the formation of ply cracking and the inclusion of this 
configuration was to study the effect this had on the failure strength of the 
elements. 
Effect of flange stacking sequence 
Regarding this parameter, four configurations were divided into two groups. Each 
group had a common skin stacking sequence between the two configuration types: 
For C and D, the skin stacking sequence was (+/-/+/-/+/-/02/90/+/-/0)s: for E 
and F, it was (0/+/-/90/02/90/0/+/-/0/90)s. Two stiffener configurations were 
used in each group, the first one was the SFN5 layup [+/-/03/90/03/-/+] (used for 
D and F) and the other was a more compliant layup of [+/-/+/-/0/90/0/-/+/-/+] 
(used in C and E) (Table 5.1). It was thought that a more compliant stiffener 
may alleviate peel strains induced at the stiffener tip during loading, and perhaps 
increase the applied strain required to initiate failure. 
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5.2.1.3 Effect of skin/stiffener interface 
114 
Due to difficulties with material supply, the Cytec FM300-2M adhesive as used in the 
EDAVCOS panels133,144-147 had to be replaced early in the testing programme. An 
adhesive with the closest match in material properties was obtained, Cytec FM300- 
K. The Young's moduli and Poisson's ratios were very similar, but FIMI300-K had a 
higher shear modulus (Table 5.7). It also had a greater room temperature lap shear 
strength: 40.3 MPa for FM300-K and 27.6 MPa for FM300-2M. 172 
To characterise the influence of an alternative processing route, a cocured configura- 
tion (M) using the benchmark stacking sequence was also studied. Such a processing 
route is the preferred method by much of industry because of the potential savings 
in time and material cost. 173 
Property FM300-2M FM300 K 
Youngs modulus, Etensio,, (MPa) 2386 2468 
Shear modulus, G (MPa) 681 907.5 
Poisson's ratio, v 0.38 0.36 
Film thickness (mm) 0.13 0.2 
Maximum tensile strain (%) 4.05 
Shear strain (Linear limit, LL) * 0.0215 0.0156 
Shear strain (Knee, KN) * 0.1196 0.0932 
Shear strain (Ultimate failure, UL)* 0.8510 0.5446 
*Defined in Figure 5.2 
Table 5.7: Adhesive material properties 164,172,174 
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Figure 5.2: Definition of shear strains referred to in Table 5.71'-22,1' 172,174 
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5.2.1.4 Effect of specimen width 
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Edge effects are a considerable issue for composite testing, and therefore to char- 
acterise the potential influence on the reported results, 20, 40 and 60 mm width 
specimens of the benchmark configuration were investigated (configurations A, I 
and J). Previous studies by Van Rijn131 have shown that width effects can influence 
the results, and it was hoped to reproduce these to observe the particular failure 
mechanisms involved. 
5.2.1.5 Effect of defects 
Composites are notorious for their perceived sensitivity to defects. Therefore, in this 
study, the influence of two types of defect were considered, artificial ply crack and 
embedded interlaminar defects. These configurations were chosen because they had 
previously been identified as key failure mechanisms at skin/stiffener interfaces. 145 
The inclusion of an artificial ply crack 
Configuration L had a defect geometry that simulated a ply crack in the top ply of 
the skin (Figure 5.3). However, due to material constraints, only four point bending 
tests were conducted in this configuration. 
Stiffener position 
200mm 
20mm 
Figure 5.3: Skin panel lamination details for ply crack simulation 
The inclusion of an embedded defect 
This configuration used the benchmark stacking sequence but each specimen was 
60mm wide to accommodate the defect which was in the skin/stiffener interface 
(Figure 5.4b). Again, due to material constraints, this configuration was only tested 
in three and four point bending. 
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. 
Skin panel 
60mm 
Stiffener flange 
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Teflon film inserts 
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(a) Specimen K panel 
55mm 
Embedded 
20mm defect, ' 
60mm 
Adhesive 
200mm 
(b) Specimen K 
Figure 5.4: Location of defects in configuration K 
5.2.2 Specimen manufacture 
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In this work, the manufacturing route for skin and stiffener layup and subsequent 
secondary bonding comprised of the following steps: 
1. The skin and stiffener flange laminates were laid up separately and cured in 
an autoclave according to Hexcel's recommendations16' (60 minutes at 110°C 
then 120 minutes at 180°C under vacuum. The autoclave heat up rate was 
2°C a minute. ) 
2. The stiffener flanges were cut to a size of 55 mm width. The surfaces that 
were to be bonded were grit blasted (grit size 80-120 µm) and degreased. 
3. The adhesive film was cut to size and laid between skin and the stiffener 
flange. This was subjected to a final curing stage under vacuum (175°C for 60 
minutes). 
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4. Test elements were cut from the resulting stiffened plate. 
Although most test specimens were manufactured by this route. slight modifica- 
tions to this general procedure were applied to the cocured variation (M) and the 
specimens with artificial interlaminar defects (K) and artificial ply cracks (L). 
For the cocured variation, M, the flanges were cut to size and applied directly onto 
the skin prior to curing of both the skin and flanges. 
For the specimens containing an artificial defect (K), part of the adhesive was re- 
moved and a piece of PTFE film (diameter 40mm, thickness 12.5 µm) was inserted 
instead, as shown in Figure 5.4a. After curing, test specimens were cut such that 
the resulting test element had a quarter circle defect on one side of the skin/stiffener 
bond (Figure 5.4b). Using PTFE films is a widely used practice for characterising 
defect tolerance. 35 
Specimens with an artificial ply crack (L) were made individually. Skin panels of 
200mm x 40mm were laid up, with the top 45° ply cut as shown in Figure 5.3. 
A thin brass foil (thickness 0.7mm) wrapped in release film (20um thickness) was 
placed into the resulting gap before the plate was cured. Stiffeners were bonded on 
to the individual skins by the method described earlier, without removing the foil 
insert. This was to prevent the adhesive from filling the gap in the top skin ply. 
The sides of all the elements were polished using a variation of wet/dry emery paper 
(300,600 and 1200 grit) as well as a 6µm diamond suspension polish to remove 
scratches left from cutting that could have potentially acted as damage initiation 
sites. 
5.3 Testing details 
All tests were conducted on a screw driven universal Instron 4505 test machine under 
displacement control with three or four point rigs for the bending tests (Figure 5.5) 
and with tensile grips for lateral tension tests. For the bending tests, a IOkN load 
cell was used, and for the tension tests, a 100kN load cell. At least five specimens 
were tested for each configuration. Two pairs of cameras for DIC image acquisition 
were calibrated and set up, one pair to monitor the specimen sides and the other was 
combined with a mirror to obtain images of the stiffened face. The loading rate was 
2mm/min for all tests and images were taken at a frequency ranging from one image 
a second to one image every three seconds. Tests were taken to final failure. defined 
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63.3mm 63.5mm 
127mm 
(a) 3 point bending test 
Specimen centreline 
35mm 35min 
low %pecimen 
Steel 
150mm 
(b) 4 point bending test 
OL 
0 
Figure 5.5: Bending test apparatus 
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when the crack front had reached the mid-span of the specimen. The displacement 
(or in other cases, the load) output from the data logger connected to the Instron 
was fed to the DIC trigger box such that the strain and displacement results could 
be correlated directly with the load-displacement traces. 
The output data required from the testing procedure was the load, which was ac- 
quired from the Instron testing machine, and specimen strains recorded by DIC. 
The crosshead displacement from the Instron was also used in the bending tests to 
examine the individual specimen compliance but the applied strains were extracted 
from the DIC data for the lateral tension tests. It was found that test machine com- 
pliance would have been an issue for the lateral tension tests if the applied strains 
were to have been calculated from the crosshead displacement as these failed at a 
much a higher load than the bending tests. Attempts to measure the machine com- 
pliance were made but proved problematic. However, since the DIC results were 
used for the tension test data reduction, test machine compliance was not a crucial 
issue. 
5.4 Finite element modelling details 
The original intention was to use DIC results to measure the local peeling and 
shearing strain fields at the skin/stiffener interface. However the scatter in the 
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results obtained were larger than had been anticipated (detailed in Section 5.5.2) 
and as a result, finite element models were formulated to compute the local strain 
states at initiation. For consistency between the stiffened panel and the element 
tests, the coordinate system used in these element tests was the same as that used 
for a full-scale stiffened panel, previously defined in Figure 3.16, with x in the 
longitudinal direction of the stiffener, y across the width of the panel and in the 
out of plane direction. Subscripts 1,2 and 3 refer to the local material orientation 
on the lamina level. 
The objective of the modelling was to extract the strain states within the adhesive 
and the skin at initiation. Each configuration was modelled using ABAQUS Stan- 
dard and due to geometrical symmetry, half the specimen was modelled for all three 
test configurations. The stiffened element was modelled in three parts representing 
the skin, adhesive and the flange with each ply represented by a separate layer. Ini- 
tially, only the strains in the adhesive at the stiffener tip were required so all three 
parts were modelled using twenty noded solid elements using a quadratic formula- 
tion (C3D20). A mesh sensitivity analysis in terms of the strains in the adhesive was 
carried out to determine a suitable mesh size. This was carried out by monitoring 
the strains at point `a' (defined in Figure 5.6a), for the three point bending test. 
A biased mesh (bias ratio of 10) was used where the seeding varied linearly along 
the x direction, such that at the stiffener tip, the mesh density was higher than at 
the specimen centreline. Figure 5.6b shows the values of the peel strain that were 
recorded within the adhesive. To preserve a sensible element aspect ratio, there 
were two and four elements through the flange and skin thickness respectively. No 
damage was included in this model. The final mesh used is shown in Figure 5.8a. 
A displacement loading was applied through rigid rollers and the load-displacement 
trace was obtained for comparison with experiment (Figure 5.7). 
In parallel, a similar model was formulated to extract the strains in the top ply of 
the skin. At the time of the model formulation, the postprocessor ABAQUS/CAE 
was unable to view the strains in composite solid elements and a compatible version 
of Patran was not available. As a result, the model was modified such that 
both 
skin and flange were represented by eight-noded continuum shell elements 
(SC8R) 
with the adhesive layer represented by twenty noded solid elements 
(C3D20), from 
which strains could be extracted through the postprocessor. A coarser mesh than 
the previous model was used as convergence was slow when using continuum shell el- 
ements in very thin shell applications. This issue has been identified by AB AQt`S. 
1'5 
A mesh sensitivity analysis was also conducted in the vicinity of strain extraction. 
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(a) Schematic of element test model; a and b were the points at which strains were monitored 
whilst varying the mesh density 
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Figure 5.6: Mesh sensitivity analysis for both solid and shell element model at an 
applied displacement of 5mm for 3 point bending. The vertical lines indicate the 
mesh densities used for subsequent models 
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Figure 5.7: Load-displacement curves for modified benchmark configuration B under 
4 point loading: Experimental and numerical curves 
Figure 5.6c shows the variation of intralaminar shear strain (' 12) at point 'b' defined 
in Figure 5.6a. One element through the thickness was used for all three parts. The 
final mesh has been shown in Figure 5.8b. 
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Figure 5.8: ABAQUS finite element models for 3 point test 
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The extraction of the strain conditions at initiation from the FE model was done 
in conjunction with the experimental results for a particular configuration. In the 
bending tests, the crosshead displacements at initiation for all specimens within a 
configuration were averaged, and for the lateral tension tests, the applied strain at 
initiation from the DIC results was averaged (detailed in Section 5.5-1). This gave a 
single initiation displacement/ applied strain for each configuration under each of the 
three loading conditions which were used as loading conditions in the corresponding 
FE models. The average `initiation' strains could then be extracted from the FE 
models. 
(a) Model used for adhesive strain extraction 
(b) Model used for skin strain extraction 
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5.5 Data reduction 
5.5.1 Experimental results 
The results from the experiments have been presented in separate sections to high- 
light the effects of the different parameters. 
The load-displacement traces obtained have been plotted in groups of different pa- 
rameter variations. Lateral tension test curves have not been presented as the 
displacements recorded from the machine were incorrect due to machine compliance 
issues. Histograms comparing the applied strains at initiation and final loads have 
also been presented. The scatter in the results was quantified by calculating the 
standard deviations and plotted as error bars. Initiation was defined in either of 
two ways (Figure 5.9): 
Load (N) 
Stable failure 
Initiation in unstable behaviour 
Unstable failure 
Initiation in a stable specimen: 2% devia- 
tion in gradient 
Displacement (mm) 
(a) Non-linearity 
z displacement (mm) Stiffener flange 
Skin 
Initiation at deviation between 
skin and flange displacement 
(b) Visual 
Time (s) 
Figure 5.9: Definition of damage initiation from load-displacement traces and DIC 
data for bending tests 
" Non-linearity: Determining the point at which deviation from linearity oc- 
curred in the load-displacement trace, illustrated in Figure 5.9a. 
" Visual: Using the DIC results for both the side and the top of the specimen, 
where all four corners of the stiffener could be monitored. The displacements 
of two corresponding points in the skin and the stiffener were tracked and 
initiation was defined when the relative displacements exhibited significant 
divergence (Figure 5.9b). 
The lowest value from these two methods was deemed to be the initiation value. 
However, both these methods had to be used as it was not always possible to pinpoint 
initiation using just one method. 
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To facilitate comparison between the three test methods, the applied longitudinal 
strain (Eyy) at a common site on the specimen skin was calculated, depicted in Figure 
5.10. This site was chosen as it was not dominated by the stiffener strain field, but 
close enough to the stiffener to give an indication of the behaviour of a stiffened 
element. 
Extraction of applied 
6mm 
Figure 5.10: Position of applied longitudinal strain used 
For the bending tests, this was calculated from beam theory, where the strain 
v d2y 
R= -vdx2 
where 
d2y M 
dx2 EI 
My 
eEI (5.1) 
v= the distance from the neutral axis of the point to the reference strain. In this 
case, half the specimen thickness, 
M= was obtained from the recorded applied load and specimen geometry, 
E= homogenised flexural stiffness value for the skin layup was obtained using the 
Laminate Analysis Program (LAP), from Analglyph Ltd: 17' D., from Table 5.6. 
The applied longitudinal strains at initiation and ultimate failure have been pre- 
sented for all specimens. For the bending tests, Equation 5.1 was used. The applied 
longitudinal strains for the lateral tension tests were obtained directly from the DIC 
results. 
In some cases, it was difficult to determine if there was a significant difference 
between the mean values due to scatter in the results. To aid the analysis, a two- 
tailed t-test was performed, comparing the different specimen groups to either the 
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benchmark results of specimens A or the modified benchmark specimens B. The null 
hypothesis was that there was no significant difference between the two averages 
being compared. The significance level/ confidence interval (a) was set to 0.0: 5 and 
the corresponding t values (t& t,, and tC,. iti, aj), as well as probability values, P were 
calculated. This null hypothesis was rejected if +t& l>t, iti,,, j and the probability of 
this occurring was higher than 95%. For the pairs of configurations with a significant 
difference in the averages, the percentage difference for these were calculated. 
5.5.2 DIC results 
The capabilities of the DIC system was discussed in Chapter 4 where studies on the 
accuracy and resolution of the system were performed. For the element tests, strain 
results from the specimen sides at or just prior to initiation have been presented 
using a representative specimen from each group. This representative specimen was 
chosen by considering all failure characteristics in each specimen; behaviour under 
loading, fracture surface morphology and initiation and final failure strains. Since 
each specimen had a unique speckle pattern, there was no constant facet sizing. 
As a result, some specimens had a higher resolution with more details of the strain 
distribution within the layers. To decrease the amount of noise present in the images, 
some smoothing was applied to the data. Interpolation for missing data points was 
also performed, but only away from geometric discontinuities. However, in some 
cases, this presented a misleading picture so in these instances, interpolation was 
not applied. 
Considerable efforts were made to extract quantitative data at the skin-stiffener in- 
terface for the purpose of comparing the experimental strain fields between different 
specimen configurations. These included: 
Strain output at a point in the skin/stiffener interface near the stiffener tip. 
The point chosen was kept as consistent as possible between different spec- 
imens. Unfortunately, due to variations in the local stiffener tip geometry- 
and how the crack initiated within the resin fillet, the strain conditions at the 
chosen position varied considerably. For example, the longitudinal strain for 
the modified benchmark configuration, B (AS4/8552), has been presented in 
Figure 5.11. Three specimen results were plotted and although they exhib- 
ited similar characteristics, when the point at which initiation occurred was 
superposed (vertical lines on the graphs), there was clearly a large amount of 
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scatter in the values of strain between nominally identical specimens. 
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Figure 5.11: Longitudinal strain, Eyy for a single point at stiffener tip in the 
skin/stiffener interface, configuration B, 4 point bending. Displacement has 
effectively been plotted on the x axis, which is linearly related to the stage 
number 
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Strain output averaged over an area in the skin/stiffener interface near the stiffener 
tip (Figure 5.12) 
When averaging this strain over an area, similar problems were encountered 
to those when interrogating a single data point. Averaging results within a 
consistent zone close to the skin/stiffener interface did not decrease the scatter 
(Figure 5.13) and when these results were compared to those of a different 
configuration, no meaningful interpretation could be deduced. 
A 
._M 
4mm 
Flange 
Figure 5.12: Area considered when averaging the strain output at initiation 
Partitioning strain results into different initiation modes. 
Some reference has been made to the variation in local geometry; this has 
been discussed in Section 5.7.1. It was thought that if the results could be 
partitioned into groups that represented similar initiation modes e. g. in the 
adhesive fillet, perhaps the scatter in the results could be explained. However, 
it was not possible to verify this hypothesis as there was not enough data to 
do this conclusively. 
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Figure 5.13: DIC output of E, z, z and Exx for area considered in Figure 5.12; this 
example is for nominally identical configuration K specimens loaded in 3 point 
bending 
Critical crack opening displacement 
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One approach attempted was to deduce a critical crack opening displacement 
at initiation. However, the unstable nature of failure in many specimens made 
such a route problematic. 
Other approaches to characterise the strain field in a consistent manner between 
nominally identical specimens and then between different configurations were at- 
tempted, such as strain extraction along various longitudinal and through-thickness 
lines away from the stiffener tip. However, these approaches did not produce any 
meaningful results for comparison between specimens. It was found that the best 
way to represent the local strain fields was through qualitative observations, which 
are presented hereafter. 
Unfortunately, since it proved to be difficult to extract quantitative results from the 
DIC measurements without a large degree of scatter, it rendered it difficult to draw 
comparisons between groups of nominally identical specimens. It was found that 
the size, shape and location of strain concentrations varied between specimens and 
a consistent approach to extract these results was not achieved. A high sensitivity to 
factors such as the local geometry of the stiffener tip (if an adhesive resin fillet was 
present), the initiation of a crack either in the resin fillet or between the composite 
and the adhesive, as well as the local speckle pattern was found. 
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5.5.3 Fractographic results 
L2 . 
Specimen fracture surfaces were exposed after testing and photographed using a 
Canon N650U scanner using a resolution of 1200 dpi: the flange face for each failed 
specimen has been presented here. A representative sample from each group were 
then studied in closer detail using optical microscopy and scanning electron mi- 
croscopy (SEM). The SEMs used were a Hitachi S-3400N and a Jeol JSMI 5610 LV' 
scanning electron microscopes, with a typical acceleration voltage of 15kV. All spec- 
imens were coated with a thin layer of gold prior to examination under the electron 
microscope. 
5.6 Results 
5.6.1 General experimental observations 
Specimen failure was different in the two bending tests. The four point test exhibited 
more stable behaviour than the three point bending test. Initiation was seen as a 
change in gradient on the load/displacement graphs prior to final failure (the load 
at which this occurred has been referred to as the non-linear load (NL)), which was 
more evident in the four point tests than the three point tests. 
Valid lateral tension test results were obtained from specimens A, B, E, F, G, H and 
M. Invalid tests results were particularly observed in the specimens with a softer 
skin; i. e. failure had initiated from the grips and propagated towards the centre of 
the specimen. Although these did not fail via skin/stiffener debonding, such results 
could give a lower bound on the strength. 
Comparisons between each configuration were made with respect to the benchmark 
and the modified benchmark configurations (A and B) in most cases. 
5.6.2 Effect of inherent variability 
The results from individual modified benchmark specimens (AS4/8552 quasi-isotropic 
layup (B)) specimens were studied to determine how much variability could be ex- 
pected between nominally identical specimens. 
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Load-displacement curves 
Specimens tested under three point bending conditions exhibited similar failure be- 
haviour, with initiation leading immediately to unstable propagation and final fail- 
ure, as can be seen on the load-displacement curves in Figure 5.14a. Under four 
point loading conditions, two types of behaviour were observed. Approximately 
half the specimens exhibited unstable failure, as was encountered in the three point 
condition. The other half exhibited more stable crack propagation through the spec- 
imen after initiation; these differences can be seen in the load-displacement curves 
in Figure 5.14b. 
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Figure 5.14: Load-displacement graphs of Configuration B (AS4 8552, FN1300-K) 
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Test Average applied strain C. V. Average ultimate C. V. 
at initiation (µs) (%) applied strain (µe) ('/'( ) 
3pt 5900 11 6600 14 
4pt 7600 15 7900 17 
LT 11000 3.5 11000 4 
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Table 5.8: Initiation and maximum applied strains for nominally identical specimens 
(configuration B: AS4/8552, FM-300K, SFN 5 stacking sequence) 
Average applied strain C. V. Average ultimate C. V. 
Stability at initiation (pe) (%) applied strain (µe) (%) 
Stable 6800 6.7 7000 5 
Unstable 8600 10 9100 13 
Table 5.9: Initiation and maximum applied strains for configuration B under four 
point loading: The results have been further partitioned between stable and unstable 
crack propagation during loading 
There was some scatter in the applied strain at initiation (11%, 15% and 4% for the 
three and four point bending and tension tests respectively) and maximum applied 
strain results (14% and 17% for the three and four point bending tests respectivelyy) 
as shown in Table 5.8. The coefficient of variation for both initiation and ultimate 
applied strains were higher for the four point than the three point tests. 
The results from the four point tests were further partitioned into two groups, where 
one group had exhibited stable behaviour, and the other unstable (Table 5.9). The 
specimens that failed in a more stable manner initiated at lower applied strains, 
with lower scatter, than the unstable specimens. 
The lateral tension specimens achieved a much higher applied longitudinal strain 
than the bending tests. Damage initiation was within the skin/stiffener interface 
and final failure immediately followed initiation; this was in the form of tensile failure 
of the skin. The scatter in the results was much lower than that in the bending tests. 
DIC 
The full field strain results generally exhibited similar global behaviour between 
nominally identical specimens. Results for the lateral tension tests were of a 
higher 
resolution as the speckle pattern on these specimens was much finer than that 
for 
the bending tests, and better suited for the measurement window size used. Some 
problems had been encountered with the rig partially obscuring the camera view 
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of the bending specimens, the effect of which decreased the number of points that 
were measured. This can be seen in the relatively tapered appearance of the 4 point 
specimen in Figure 5.15b. Furthermore, the tension tests had been performed after 
the bending tests, where considerable improvements in understanding as to how to 
obtain more detailed and accurate results from each specimen had been gained. 
In the lateral tension tests, the resolution was such that layered strain distribu- 
tions could be distinguished (Figure 5.15c). Furthermore, the technique successfully 
detected a compressive peel strain field ahead of the stress concentration at the 
stiffener tip in all the tests. In the lateral tension tests, the variation of this peel 
strain through the layers could be seen. Although the size of the compressive strain 
field could not be accurately quantified from these results, it would appear that the 
tension tests exhibited a much longer zone of compressive peel strain ahead of the 
crack tip at initiation in comparison to the two bending tests (Figure 5.15). 
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Figure 5.15: DIC out-of-plane peel strain (E, z, z) results for 
AS4/8552 benchmark 
specimen (B) at initiation (schematic of images shown in Figure 5.16) 
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Figure 5.16: Schematic for DIC results 
Under all three loading conditions, a highly positive peel strain field was anticipated 
at the stiffener tip, but this was not always observed; data at this discontinuity 
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could not always be accurately calculated and was automatically disregarded by the 
software. This resulted in gaps in the calculated strain field images. 
Width-wise strains (Exx) were computed in the form of `thickness reduction', where 
a positive result indicated contraction in the specimen width. DIC was able to 
resolve anticlastic and Poisson's ratio effects, i. e. expansion in the top surface in 
bending (Figure 5.17a), and contraction in the overall specimen in tension (Figure 
5.17b). A high degree of width-wise contraction was seen at the stiffener tip in the 
skin/stiffener interface (adhesive) region in all tests. Just ahead of this contraction 
was a relatively long zone of expansion, especially prominent in the higher resolution 
lateral tension results, but also in the four point bending test, and to some degree, 
in the three point tests. 
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Figure 5.17: DIC width-wise strain (Exx) results for AS4/8552 benchmark specimen 
(B) at initiation (schematic of images shown in Figure 5.16) 
There was some difference in the magnitude of interlaminar shear strain yyZ at initi- 
ation between the three tests. In general, the three point specimens exhibited a rel- 
atively short zone of high shear strain (Figure 5.18a) whilst the tension tests had the 
longest zone of high positive shear strain (clockwise direction) at the skin/stiffener 
interface (Figure 5.18b). To meet equilibrium conditions, a larger zone (but lower 
magnitude) of negative shear strain was detected in the skin adjacent to this. Again, 
the tension tests with the higher resolution showed a layer dependent distribution 
of the shear strain in the skin. 
Fractography 
The fracture surfaces of all specimens within one loading condition were similar: a 
representative surface has been presented for each loading condition in Figure 5.20 
where the crack growth and matching surface shear directions have been marked. 
The arrow nomenclature was previously presented in Figure 3.3 and has been repro- 
duced in Figure 5.19. 
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Figure 5.18: DIC shear strain (-yy, z) results for AS4/8552 benchmark specimen (B) 
at initiation (schematic of images shown in Figure 5.16) 
Crack growth is from left to right 
Shear displacement of the opposing surface is 
from left to right 
Shear displacement is from left to right, crack 
growth is from right to left. This is usually seen 
on the matrix dominated face of a high mode II 
failure 
Shear displacement and crack growth direction 
' are from left to right. This is usually seen on the 
fibre dominated face of a high mode II failure 
Figure 5.19: Nomenclature of arrows used to describe failure on fracture surfaces 
Examination of the fracture surfaces highlighted similarities in failure progression 
for all three tests (Figures 5.20a-c). Initiation was found to be a ply crack in the top 
ply of the skin (+45° layer). On one side of this ply crack there was cohesive failure 
in the adhesive leading to delamination propagation within the top +45° ply of the 
skin. On the other side of the ply crack, delamination had propagated in the first 
+45°/-45° interface under high mode I, with the crack migrating through the -45° 
layer and finally into the 0°/90° interface via a ply crack in the -45° layer where 
final failure occurred next to the 90° fibres. The presence of a ply crack in the top 
layer of the skin near the flange was evident in all specimens with delamination in 
the plies next to the ply crack initiating from this. Although the lateral tension tests 
showed similar damage progression, the 0°/90° interface was reached much earlier 
via more extensive ply cracking of the -45° ply (Figure 5.20c). 
Detailed examination of the fracture process using the SEM revealed that the frac- 
ture morphologies were largely similar for all three tests. The most notable difference 
was the mode of failure in the ply crack (Figures 5.2la-c). The shear cusps present 
on the ply crack for both bending tests indicated a larger degree of intralaminar 
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Figure 5.20: Crack growth directions from representative specimens from each test 
method: The visible stacking sequence is [Adhesive/+45°/-45°/0°]. The stiffener 
tip is lowermost in each image. 
shear (ry12) in these specimens, compared to the lateral tension specimens. The 
subsequent delaminations had similar features in all three tests, with propagation 
from the ply in the fibre direction under a high mode II component (Figure 5.22a). 
Towards the stiffener centreline, a higher mode I component was seen which tended 
go '0mm 
0° 
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to propagate within the ply rather than at the ply interface (Figure 5.22b). 
0° 
- First +45°/-` 5° ply 
interface (skin) 
00-110 Top +45° ply 
(d) Schematic of ply crack micrographs 
Figure 5.21: Micrographs taken at the tip of the ply crack for each loading case (45° 
tilt) 
Pý 
(a) High mode II component near stiffener (b) High mode I component, nearer speci- 
tip men centreline 
Figure 5.22: Micrographs taken at the +45°/-45° ply interface for the 4 point 
specimen 
FEM 
The loading conditions and the difference in applied strains up to initiation, par- 
ticularly between the bending and tension tests, indicated a different local stress 
(a) 3 point bending (b) 4 point bending 
(c) Lateral tension 
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state at the skin/stiffener interface and the associated discontinuity. As initiation 
and propagation occurred within the skin, the adhesive and at the skin/adhesive 
interface, the strains present at initiation at the adhesive and in the top ply were 
studied in more detail using the F. E. models detailed in Section 5.4. 
Adhesive results Contour plots of the interlaminar peel (EZZ) (Figure 5.23) and 
shear ('yyz) strains in the adhesive were extracted at the experimentally observed 
initiation conditions. The strains in relation to the element coordinates has been 
shown in the inset in Figure 5.23c. These contour plots showed similarities in strain 
conditions in both the bending tests (Figures 5.23a and b), although the lateral 
tension test exhibited a higher compressive peel stress away from the stiffener tip 
and at the edges (Figure 5.23c). This larger compressive zone was also seen in the 
DIC images when compared to the bending tests (Figure 5.15c). The highest shear 
strain was also present in the lateral tension test at initiation compared to that in 
the bending tests, which was consistent with the DIC results. Peel and shear strains 
were a maximum in the proximity of the stiffener tip. The distribution across the 
width has also been presented in Figures 5.24a and b; this was characterised by 
extraction at the element integration points closest to the tip of the stiffener. This 
showed that the peel strain were constant across most of the width but decreased 
at the edges, whereas the shear strains were relatively constant across the width. 
Consequently, the maximum peel and shear strains from this characteristic length 
from the stiffener tip have been used in subsequent plots to characterise the adhesive 
behaviour at the stiffener tip (Figure 5.25). 
Skin results The distribution of intralaminar peel (622) and shear (712) strains 
in the top ply of the skin have been presented in Figures 5.26 and 5.27. These 
demonstrated that there was an area of peak intralaminar peel and shear close to 
the stiffener edge for all three test conditions. Experimentally, this was the area 
where the ply crack had been seen in the specimen; consequently the strains were 
extracted across the width of the specimen, 2mm from the stiffener edge (Figure 
5.28). It can be seen that the intralaminar peel reached a peak at 4mm from the 
edge, whilst the intraiaminar shear strain reached a peak at the specimen edges. 
A further plot of the intralaminar peel versus shear strain for the three loading 
conditions, 4mm from the specimen edge is presented in Figure 5.29. At initiation, 
the peel and shear strain distributions at this location within the skin of the two 
bending tests appeared to be identical. In the tension test, both peel and shear 
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Figure 5.23: F. E. results for out-of-plane strain (c,,, ) distribution at initiation in 
adhesive layer, skin side 
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Figure 5.24: FE results: Distribution of adhesive peel (E, z, z) and shear strains 
across the specimen width at initiation 
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Figure 5.25: FE results: Peel E, z, z versus shear ryy, z strains in the adhesive at the 
stiffener tip for the three loading conditions at initiation; the standard deviation in 
each group has been represented by error bars 
strains in the skin were higher; the two strains considered were about twice the 
magnitude of those in the bending tests, corresponding to the failure in the tension 
tests initiating at approximately twice the applied longitudinal strain. By comparing 
the peel and the shear strains at initiation to the material properties for AS-l/8552 
(Table 5.5) it seemed that the skin conditions in the tension test were approaching 
both the maximum ply transverse tensile strains and shear strains. However, this 
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Figure 5.27: Intralaminar shear strains (ýy12) in the top 45° ply of the skin 
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Figure 5.28: FE results: Intralaminar peel (¬22) and shear ('y12) strains in the skin, 
2mm from stiffener tip at initiation 
0.8% 
0. r9 T 
-1 
1 
0.6% - 
0.5% _ 
0.4%- 
0.3% 
0.2% 
0. i% 
0.0% 
f3 pt 
 4Pt 
LT 
0.0% 0.5% 1.0% 1.5% 2.0% 
Intralaminar shear strain (%) 
Figure 5.29: FE results: Intralaminar Peel E22 versus shear 'y12 strains in the skin 
2mm from stiffener tip for the three loading conditions at initiation 
5. ELEMENT TEST STUDIES 
Summary 
141 
Overall, nominally identical specimens had very similar failure behaviour as was 
seen on the fracture surfaces, load-displacement curves and to some extent in the 
DIC results. The coefficient of variation in the applied strain at initiation was 11`7 , 
15% and 4% for three and four point bending and lateral tension respectively, which 
were reasonable for composite strength testing. Similar scatter was exhibited in the 
ultimate applied strains. At initiation, the FE results showed that the three test 
conditions had different shear strains ('yy, z) but similar peel strains (E4) in the adhe- 
sive, whereas there were considerable differences in magnitude of the intralaminar 
peel and shear strains (E22 and 712) in the skin between the tension and bending 
tests at initiation. 
5.6.3 Effect of material 
In this section, the influence of the material on the element has been presented, with 
the effects of skin/stiffener interface configuration addressed in Section 5.6.5. 
Load-displacement curves 
From the load-displacement curves (Figure 5.30), specimens made from HTA/6376 
and AS4/8552 had similar stiffnesses; whilst IM7/8552 specimens were slightly stiffer 
in bending. The laminate stiffness properties calculated using the Laminate Analysis 
Program171 (Table 5.6) reflected this observation as Dyy for IM7/8552 was higher 
than AS4/8552 and HTA/6376. The response from the four point tests also showed 
that softening occurred in the HTA/6376 specimens, and during testing, failure in 
the HTA/6376 specimens were more stable than that of the AS4/8552 and ICI 7/855 2 
specimens. This effect was attributed to the different adhesive rather than the CFRP 
system as the material properties of these two composites were very similar. 
Comparing material systems AS4/8552 and HTA/6376, the applied strains at initi- 
ation calculated using Equation 5.1 (Figure 5.31) were similar for the bending tests, 
although there was a slight increase of 12% at initiation for AS4/8552 in tension 
compared to HTA/6376 (Table 5.10). There were no significant differences between 
the AS4/8552 and IM7/8552 results. 
5. ELEMENT TEST STUDIES 142 
goo 
800 
700 
6oo -j 
z 500 
ö 400 
a 
300 
200 
100 
0 
HTA 6376, FM300-2M (A) 
AS4 8552, FM Soo-K (B) 
IM7 8552, FM3oo-K (H) 
Figure 5.30: Effect of material: Load-Displacement curves of Configurations A 
(HTA/6376), B (AS4/8552) and H (IM7/8552) under 4 point bending 
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Figure 5.31: Effect of material: Initiation Strains for configurations A (HTA/6376), 
B (AS4/8552) and H (IM7/8552) 
DIC 
There was no discernible difference in the DIC full field edge strains between the 
three material systems; these all exhibited similar characteristics to those described 
in the AS4/8552 DIC results in Section 5.6.2. 
02468 10 12 
Displacement (mm) 
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Test Configuration testa tcritical P(Itdatal > tcritical) Null hypothesis Percentage 
12 (accepted/rejected) difference 
3pt A B -3.24 4.30 92% accepted - 3pt B H 0.29 2.57 22% accepted - 4pt A B -1.70 2.36 87% accepted - 
4pt B H -0.98 2.20 66% accepted - LT A B -2.79 1.94 97% rejected 12°ßc 
LT B H 1.24 1.89 25% accepted - 
Table 5.10: Effect of material: Two-tailed t test results for initiation strain values, 
with the percentage difference in the two average initiation values if null hypothesis 
is rejected 
Fractography 
The fracture surfaces for all three materials exhibited very similar failure propa- 
gation through the skin laminate, with crack growth directions similar to that of 
configuration B presented in Section 5.6.2. The main difference between the configu- 
rations was the larger amount of adhesive failure in HTA/6376 specimens compared 
to the other two (Figure 5.32). The IM7/8552 specimens also exhibited a larger 
amount of ply cracking in each layer compared to the other two specimens for all 
three tests. 
20mm 
Specimen 
centrelines 
lop. 
00 
Stiffener tip 
ABH 
Figure 5.32: Representative fracture surfaces of configurations A (HTA/6376), B 
(AS4/8552) and H (IM7/8552) 
Under higher magnification, there was a difference between the materials in the 
fracture morphology of the ply crack itself. The HTA/6376 material exhibited higher 
intralaminar shear than the other two 8552 resin systems (Figures 5.33a-c) evident 
through the higher tilt of shear cusps on the HTA/6376 surface33 (Section 2.6.2). 
Cohesive failure 
within adhesive 
More ply cracking 
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There was also a difference between the two resin systems seen in the failures at the 
ply interfaces, where the HTA/6376 system consistently exhibited gouges (Figure 
5.34a) which are typically seen under mixed mode delamination at non-zero ply 
interfaces; a higher mode II component usually gives rise to a greater concentration of 
these gouges. 33 The two 8552 resin specimen fracture surfaces also had a high mode 
II component; the shear component in the fibre direction seemed similar between all 
three specimens, but the 8552 specimens did not exhibit gouges (Figure 5.34b and 
c). 
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Figure 5.33: Effect of material: Micrographs at the +45° ply crack for all three 
materials under four point bending (45° tilt) 
FEM 
Adhesive strains F. E. models of the specimens were formulated to deduce the 
peel and shear strain conditions at initiation. These were extracted at the stiffener 
edge and a plot of interlaminar peel versus shear strain (c and 'yy4) at initiation 
has been presented in Figure 5.35. Considering the HTA/6376 (A) specimens, the 
(b) AS4/8552 (a) HTA/6376 
(c) IM7/8552 
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Figure 5.34: Effect of material: Micrographs of the +45°/-45° ply interface for all 
three materials under four point bending 
average interlaminar strains at initiation for the bending tests were similar to the 
modified benchmark configuration, AS4/8552 (B). A much larger degree of shear 
(ryyz) was present at failure in the lateral tension tests, although the magnitude of 
the peel strain (E, z, z) was similar to that in the bending tests. In comparison to this, 
the AS4/8552 (B) specimens had higher peel and slightly higher shear strains (Ezz 
and 'yy, z) at initiation. The IM7/8552 
(H) specimens had distinctly higher peel and 
shear strains in both the bending tests at initiation compared to the HTA/6376 
(A) and these were also slightly higher than the AS4/8552 (B). However, strains in 
lateral tension tests were relatively similar for all three materials and these appeared 
to have lower peel strains (Ezz) at initiation. 
Strains in the top ply of the skin Previously, the AS4/8552 (B) had exhibited 
similar skin strain conditions between the three and four point bending tests at 
initiation (Figure 5.29). When these results were compared to the HTA/6376 (A) 
and IN, 17/8552 (H) (Figure 5.36), it was seen that under the four point loading 
condition, both intralaminar peel and shear strains (622 and 212) were higher than 
those in the three point. For all three tests, the lateral tension had the highest 
(b) AS-1 532 (a) HTA/6376 
(c) Ii%1 / 8552 
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Figure 5.35: Effect of Material: FE results, peel E, z, z versus shear ý y4 strains at 
initiation in the adhesive at the stiffener tip for the three loading conditions 
strains within the skin at initiation. There also seemed to be a constant peel to 
strain ratio of about 0.4 at initiation for the bending tests in all configurations. In 
the lateral tension tests, this ratio was lower (0.35) but was also similar across the 
three configurations. 
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5.6.4 Effect of stacking sequence 
In this section, the results have been partitioned into the effect of varying the skin 
stacking sequence and subsequently the flange stacking sequence (Table 5.1). In the 
former, the results for each configuration have been analysed and compared to the 
modified benchmark configuration B. The results for the varying the flange stacking 
sequence have been further partitioned into two groups, each with a constant skin 
stacking sequence. 
5.6.4.1 Effect of skin stacking sequence, Configuration D 
The skin stacking sequence in configuration D was [+/-/+/-/+/-/02/90/+/-/0]s. 
This was more compliant than the benchmark (B) and the angled plies on the 
outer layers of the laminate potentially offered a more tortuous path for failure to 
propagate. 
Load-displacement curves 
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Figure 5.37: Effect of skin stacking sequence: load-displacement curves for configu- 
rations B, D, F and C under 4 point bending 
In the bending tests (Figure 5.37), failure for configuration D was more stable than 
in the modified benchmark (B). There was around 50% increase in both the initiation 
02468 10 12 
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and maximum applied strain compared to the modified benchmark configuration in 
the three point bending test The increase in the applied strain at initiation in the 
four point specimens was 21%, which grew to a 70% increase at maximum (Tables 
5.11) 5.12 and Figure 5.38). This reflected the highly stable nature of the failure in 
configuration D. 
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Figure 5.38: Effect of skin stacking sequence: Strains at initiation and 
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for configurations B, D, F, and G 
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Test Configuration tdata tcritical P(ItdataI > tcritical ) Null hypothesis Percent age 
12 (accepted/rejected) difference (ý7O 
3pt B D -3.53 3.18 96% rejected 45 
3pt B F -6.51 2.6 100% rejected 32 
3pt B G 4.78 2.44 100% rejected -26 
4pt B D -3.73 2.36 100% rejected 21 
4pt B F -1.01 2.31 66% accepted - 
4pt B G -0.75 2.23 53% accepted - 
LT B F 0.43 2.77 32% accepted - 
LT B G 8.22 2.57 100% rejected -40 
Table 5.11: Effect of skin stacking sequence: Two-tailed t test results for initiation 
values, with the percentage difference in the two average initiation values if null 
hypothesis is rejected 
Test Configuration 
12 
tdata tcritical P(I tdata l> tcriticai) Null hypothesis 
(accepted/rejected) 
Percentage 
difference (%) 
3pt B D -16 2.6 100% rejected 51 
3pt B F -4.50 2.36 100% rejected 32 
3pt B G 5.21 2.57 100% rejected -34 
4pt B D -10.51 2.36 100% rejected 70 
4pt B F -1.82 2.26 90% accepted - 
4pt B G -0.48 2.22 37% accepted - 
Table 5.12: Effect of skin stacking sequence: Two-tailed t test results for maximum 
values, with the percentage difference in the two average initiation values if null 
hypothesis is rejected 
DIC 
From the DIC results, it was seen that configuration D exhibited larger peel (E, z), 
width-wise (Ex) and shear (-yy, z 
) strains through the thickness compared to the mod- 
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Figure 5.39: Effect of skin stacking sequence: DIC strain results at initiation in 3 
point bending for configurations B and D 
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ified benchmark configuration B (Figure 5.39). There was also an area with high 
concentrations for the three strain components seen in the skin just outside the 
stiffener tip. 
Fractography 
Failure progression in these specimens were similar to the benchmark configuration 
(B) (Figure 5.40), with initiation via a ply crack in the top +45° causing subsequent 
delamination in the +45°/-45° interface. This migrated through the thickness via 
further ply cracking in the -45° and again in the next +45° ply until the centre of the 
specimen was reached. Under higher magnification, the delamination morphologies 
were similar to those observed in the benchmark. 
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Figure 5.40: Representative fracture surfaces of configurations B and D 
FEM 
Although configuration D had failed at much higher applied strains compared to 
the modified benchmark (B), when comparing the local strains in the adhesive layer 
at initiation, it was found that these were only slightly lower in both peel and 
shear (Figure 5.41). These were also very similar to the peel and shear strains in 
the adhesive for configuration G which had a similar quasi-isotropic layup to the 
benchmark except with the top ply was oriented at 90°. 
Similarly, the peak intralaminar strains in the skin were similar to those in the 
modified benchmark, even though the overall applied strain was lower (Figure 5.42). 
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Figure 5.41: Effect of skin stacking sequence: FE results, peel ELz versus shear 
-yyz strains in the adhesive at the stiffener tip for the three loading conditions at 
initiation 
i. 6% 
i. 4% 
- 1.2% 
1.0% 
o. 8% 
0.6% 
co 
9 
= 0.4% 
0.2% 
o. o% 4- 
0.0% 
3Pt 
4Pt 
LT 
3Pt 
4Pt 
3Pt 
4Pt 
LT 
Figure 5.42: Effect of skin stacking sequence: F. E. results for configuration B, D 
and F, intralaminar peel (E22) and shear ('y12) strains in the skin, 2mm from stiffener 
tip at initiation 
5.6.4.2 Effect of skin stacking sequence: Configuration F 
Configuration F had a skin stacking sequence of [0/+/-/90/02/90/0/+/-/0/9018. 
The higher proportion of 0° plies in this configuration was to increase the stiffness 
in a full-scale stiffened panel, which could potentially decrease the amount of out-of- 
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Intralaminar shear strain (%) 
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plane deformation for a given load compared to the benchmark configuration. The 
effect of including a 0° orientation top ply on damage initiation was also of interest. 
Load-displacement curves 
Initiation occurred at an applied strain 32% higher than for the modified benchmark 
(B) in three point bending, but no significant differences were observed in the four 
point bending or lateral tension tests at initiation or maximum load with this con- 
figuration (Tables 5.11 and 5.12). The compliance of these specimens were the same 
as that for configuration B, which was in agreement with the homogenised flexural 
modulus of the skin (Dyy) predicted from LAP (Table 5.6 and Figures 5.37a and b). 
DIC 
In general, the strain field in the skin was similar to that in the modified benchmark 
B, except in the lateral tension test where larger layered compressive peel strains 
were seen (Figure 5.43). 
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Figure 5.43: Effect of skin stacking sequence: DIC E, z, z strain results for configurations 
B and F at initiation under lateral tension 
Fractography 
The fracture surfaces showed failure progression similar to that in configuration B: 
there was no effect on the failure sequence by including the 0° ply at the top as a ply 
crack initiated within this layer at the stiffener edge followed by the failure sequence 
seen in the modified benchmark layup. 
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Peel and shear strains in the adhesive at initiation were similar to those seen in 
the modified benchmark configuration (Figure 5.41). with the four point and the 
lateral tension tests exhibiting similar peel strains, whereas the three point specimens 
(which had failed at a higher longitudinal applied strain) exhibited a higher peak 
peel strain at initiation. 
The intralaminar peel and shear strains in the top 0° ply of the skin at initiation 
had a very high proportion of peel strain, due to the orientation of this ply (Figure 
5.42). 
Effect of skin stacking sequence: Configuration G 
The skin stacking sequence in configuration G was [90/+/-/0]3s. This configuration 
had been formulated to investigate the effect of having a 90° oriented top ply, but 
was of a similar quasi-isotropic layup to the modified benchmark (B). 
Load-displacement curves 
This configuration exhibited a decrease of about 30% (three point) and 40% (lateral 
tension) in the applied strain at initiation and maximum compared to the modified 
benchmark (B) (Figures 5.38, Tables 5.11 and 5.12), but no significant difference 
was observed between these configurations in the four point tests. 
A stiffer response 
was seen in the bending tests (Figure 5.37), which reflected the increase 
in flexural 
stiffness of the skin laminate (Dyy) (Table 5.6). Failure was unstable in all three test 
configurations. 
DIC 
Overall at initiation, lower peel, width-wise and shear strains were observed 
by DIC 
for this configuration compared to those in the modified benchmark 
(B), due to the 
lower applied strains at initiation. 
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From the fracture morphology (Figure 5.44), it was apparent that failure had ini- 
tiated in the skin/stiffener interface within the adhesive, leading to delamination 
which stayed within the top ply of the skin in the longitudinal 90° direction. The 
surface ply cracking mechanism observed in all the other configurations with a +45° 
oriented top ply was absent; instead, delamination had initiated and propagated 
within the top 90° ply . 
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Figure 5.44: Representative fracture surfaces of configurations B and G 
FEM 
In configuration G, the distribution of peel and shear strain in the adhesive at 
the stiffener edge (Figure 5.41) between the three tests was different to that in 
the modified benchmark configuration B. In the latter, the three point specimens 
exhibited larger peel and shear strains (E, z, z and 'yy, z than G at initiation. This was 
not seen in the four point and lateral tension tests, where similar peel and shear 
strains were seen at initiation. 
As this had not failed by ply cracking, the intralaminar strains in the skin at failure 
initiation have not been included in Figure 5.42. 
5.6.4.3 Effect of flange stacking sequence: Comparing configurations C 
and D 
Configurations C and D had the same skin stacking sequence, but different flange 
layups ([+/-/+/-/0/90/0/-/+/-/+]) for C and [+/-/03/90/03/-/+] for D). These 
5. ELEMENT TEST STUDIES 155 
had been formulated to study the effect of including more angled plies on the surface 
of the flange on the failure sequence. 
Load-displacement curves 
Stable failure was observed in both configurations in bending. The load-displacement 
curves of configuration C (Figure 5.45) showed softening after initiation had occurred 
whilst initiation in configuration D was generally accompanied by a small load drop 
prior to stable propagation. Statistically, there was no significant difference in the 
applied strain at initiation in the two flange configurations for both bending tests 
(Figure 5.46). 
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Figure 5.45: Effect of flange stacking sequence: load-displacement curves for config- 
urations C and D under 4 point bending - both with skin layup of [(+/-)3/02/90/+/- 
/0]S 
DIC 
As shown in Figure 5.47, the effect of having a more compliant flange compared 
to the modified benchmark (B) was apparent in the DIC results. The strain con- 
centration in the skin that had been seen in configuration D was present in C, but 
exhibited lower strain values. 
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Figure 5.46: Effect of flange stacking sequence: Initiation strains for configurations 
C, D, EandF 
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Figure 5.47: Effect of flange stacking sequence: DIC strain results at initiation in 3 
point bending for configurations C and D 
Fractography 
The failure sequence of configurations C and D were the same with the crack migrat- 
ing through the angled plies of the skin via subsequent ply cracking as propagation 
occurred; studies using the SEM showed similar features for both configurations. 
The layup of the flange did not seem to influence the physical mechanisms in these 
specimens. 
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It was thought that the configuration C with a more compliant stiffener may have 
induced lower strains in the skin/stiffener interface; in particular, the peel strain, 
which was thought to have made the configuration less prone to failure. The adhesive 
strains at initiation from the finite element models (Figure 5.48) showed that this 
did not occur; instead the three and four point peel and shear strains at initiation 
for configuration C, as well as the four point result for configuration D were almost 
identical, with an increase in the peel and shear strain for configuration D under 
three point loading. 
The intralaminar strain conditions in the skin for configurations C and D were found 
to be similar. 
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Figure 5.48: Effect of flange stacking sequence, specimens C and D: F. E. results, 
peel ezz versus shear -yyz strains in the adhesive at the stiffener tip for the bending 
tests at initiation 
5.6.4.4 Effect of flange stacking sequence: Comparing configurations E 
and F 
As with configurations C and D, configurations E and F had the same skin stacking 
sequence, whilst configuration E had the more compliant flange ([+/-/+/-/0/90/0/- 
/+/-/+]). Consequently it was apparent that there were no significant differences in 
the results between E and F. The load-displacement traces were similar aswere the 
applied strains at initiation and maximum for all tests (Figure 5.46). Furthermore, 
the fracture surfaces showed the same failure progression that had been seen in the 
modified benchmark (B) DIC results for the full field edge strains did not show much 
difference between the two configurations either. However, the predicted strains 
0% 5% io% 15% 20% 
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for the adhesive at initiation showed that the peel and shear strains at initiation 
were higher for configuration E in the bending tests (Figure 5.49). The predicted 
intralaminar strains in the skin at initiation indicated that these had failed under 
high peel (E22) and low shear ('712) conditions although there was considerable scatter 
associated with these results. 
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Figure 5.49: Effect of flange stacking sequence, specimens E and F: F. E. results, peel 
E, z, z versus shear -yy, z strains in the adhesive at the stiffener tip for the three loading 
conditions at initiation 
Summary 
Modifying the flange layup such that it was more compliant did not appear to 
have much influence in the final failure. No changes in the initiation strains were 
observed, nor in the failure progression through the skin laminate. There was also 
no conclusive difference in the peel and shear strains in the adhesive at initiation 
between configurations with the same skin layup. 
5.6.5 Effect of skin/stiffener interface configuration 
5.6.5.1 Cocured configuration H 
As cocuring is an industrially preferred method of manufacturing stiffened panels, 
configuration H was studied which omitted the adhesive layer, and compared to 
configurations A and B. Configuration H was made from the same parent material 
as the benchmark A. 
o% 5% io% 15% 
5. ELEMENT TEST STUDIES 159 
Load-displacement curves 
Using a cocured configuration rather than adhesively bonded led to a clear drop 
in the applied strain at initiation (Figure 5.50): 22% for the three and four point 
bending and 40% for the lateral tension tests compared to the benchmark (A). The 
difference in the ultimate applied strains was smaller, about 15% for all tests. The 
load-displacement curves (Figure 5.51) showed more small load drops after initiation 
compared to the other two benchmark configurations. Slip-stick type crack growth 
was observed during all three tests. 
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Figure 5.50: Effect of skin/stiffener interface: Applied strains at initiation for con- 
figurations A (adhesive = FM300-2M), B (adhesive = FM300-K) and M (cocured) 
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Figure 5.51: Effect of skin/stiffener interface: Load-Displacement curves for 3 point 
bending of configurations A (adhesive = FN1300-2NI), B (adhesive = FN1300-K) and 
M (cocured). A and M were made from HTA/6376, whilst configuration B was made 
from AS4/8552. 
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DIC 
The DIC results showed that the local peel and shear strains within the specimens 
were similar at initiation, even though there was a considerable difference in actual 
applied strain at initiation. 
Fractography 
The fracture surfaces exhibited many more ply cracks within the skin in comparison 
to the benchmark (Figure 5.52). Although the same failure progression was seen, 
failure reached the 0/90° ply interface much earlier than in the other specimens. 
There was also a greater degree of fibre breakage in the form of in-plane shear 
failure on the cocured specimens" (Figure 5.53). 
Specimen 
centrelines 
o0 
Stiffener tip 
A 
20mm 
B 
0°/90° interface 
reached sooner 
M 
Figure 5.52: Effect of skin/stiffener interface: Representative fracture surfaces of 
configurations A (adhesive = FM300-2M), B (adhesive = FM300-K) and M (co- 
cured) 
FEM 
For configuration M, the model used was the same as that used in the benchmark 
configuration (A) except that the adhesive zone was omitted. Consequently, only 
the intralaminar strains in the skin at initiation were extracted for comparison with 
the benchmark (Figure 5.54). The initiation strain conditions in the cocured skin 
were much lower than those in the adhesively bonded specimens since these had 
started to fail at a lower applied strain. 
Cohesive failure 
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cracking 
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Figure 5.53: Effect of skin/stiffener interface: Micrograph of cocured specimen (con- 
figuration M), four point bending showing extensive fibre breakage (in-plane shear) 
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Figure 5.54: Effect of skin/stiffener interface: FE results, intralaminar peel ¬22 versus 
shear 'y12 strain in skin, 2mm from stiffener tip at initiation 
Summary 
Although configuration A and B were made from different materials, these had 
similar material properties and there were tentative comparisons were made between 
the two adhesives used (FM300-2M and FM300-K). This showed that overall, the 
performance (applied strain at initiation and final failure) of the element was not 
affected and the general failure sequences were the same. The stability of the crack 
propagation however seemed to be controlled by the adhesive. 
Omitting the adhesive layer led to failure initiation and final failure at lower applied 
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strains than in the original benchmark configuration (A). More delamination mi- 
gration was seen on the fracture surfaces with unstable failure starting in the 0/ 90° 
layer earlier. 
5.6.6 Effect of specimen geometry 
Specimens I and J were of the original benchmark configuration and material 
(HTA/6376) but the test specimen widths were 40mm and 60mm respectively. This 
was to investigate the effect of specimen width on the damage formation process. 
Although these specimens did achieve higher loads, when normalised for width, no 
significant differences between the applied strain at initiation and final failure were 
seen. 
In the wider specimens failure appeared to have started in the adhesi`-e, as ply cracks 
in the top +45° ply were not located right at the stiffener tip. However, when viewed 
under higher magnification, delamination in the composite on both sides of the ply 
crack however seemed to have initiated from this splitting. More stable behaviour 
was seen in the wider specimens compared to the benchmark 20mm which may have 
been due to the extent of the adhesive failure. Finally, some tests had to be stopped 
prematurely due to interference from the test rig with the specimen arms at large 
displacements. 
The peel and shear distribution across the width in the adhesive (Figure 5.55) and 
in the skin (Figure 5.56) were found to be similar across all configurations when 
the results were normalised for width, so the skin strains were extracted at the 
same distance from the edge of the specimen for each configuration. Although 
applied strains at initiation were similar, there seemed to be significant differences 
in the skin strains in both intralaminar peel and shear for the three point loading 
condition. The strains in the adhesive at initiation were also considerably higher for 
configurations I and J under the three point loading, but were very similar in the 
four point loading. 
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Figure 5.55: Effect of specimen width: FE results, peel ¬ versus shear '}yz strains 
in the adhesive at the stiffener tip for the three loading conditions at initiation 
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Figure 5.56: Effect of specimen width: FE results, intralaminar peel E22 versus shear 
'Y12 strain in skin, 2mm from stiffener tip at 
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5.6.7 Effect of defects 
5.6.7.1 Effect of an artificial ply crack, L 
The introduction of a ply crack by omitting a band of the top lamina seemed to 
have decreased the flexural stiffness of the skin laminate which was reflected by the 
shallower gradient on the load-displacement curves of the ply crack configuration 
compared to the modified benchmark (B) (Figure 5.57). On average, a 27% decrease 
in the applied strain at initiation was observed which was accompanied by a decrease 
in scatter of the results (Figure 5.58 and Table 5.13); the coefficient of variation was 
seven times smaller in the ply crack configuration at initiation. A 13% decrease in 
the applied strain at final failure was also observed. 
goo 
800 
700 
6oo 
500 
400 
300 
200 
100 
02468 10 12 
Displacement (mm) 
Figure 5.57: Effect of artificial ply crack: Load-displacement curves for configura- 
tions B and L (with and without a ply crack) 
The peel strain (E,, z) recorded by the DIC 
(Figure 5.59) showed that there was a 
longer zone of tensile through-thickness strain (E, z, z) ahead of the artificial ply crack 
and also a higher degree of shear ('yyz) in the same area compared to that in the 
modified benchmark configuration. 
There was increased adhesive failure in the ply crack configuration, on the opposite 
side of the ply crack to the delamination in the top ply (Figure 5.60). Delami- 
nation initiating from the artificial ply crack moved from the top +45° ply into 
the +45°/-45° ply interface and propagated within this, under high mode II condi- 
tions. Close to the artificial ply crack, there were areas that exhibited a much higher 
shear component on the fracture surface than that seen in the modified benchmark 
configuration (Figure 5.61). 
AS4 8552 SFN5 (B) 
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Figure 5.58: Effect of artificial ply crack: Initiation and maximum applied strains 
for configurations B and L 
Test Configuration Average applied strain C. V. Average ultimate C. V. 
at initiation (µ--) (%) applied strain (µw) (%) 
4pt B 7600 15 7900 17 
4pt L 5500 2 7000 5 
Table 5.13: Effect of an artificial ply crack: Initiation and maximum applied strains 
for configurations B and L 
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Figure 5.59: Effect of artificial ply crack: DIC results for configurations B and L 
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Figure 5.60: Effect of artificial ply crack: Representative fracture surfaces of config- 
urations B and L 
)" 
Figure 5.61: Effect of artificial ply crack: Micrograph showing high shear component 
near the artificial ply crack 
5.6.7.2 Effect of embedded defects, K 
To accommodate the inclusion of an embedded defect within the skin/stiffener inter- 
face, the specimen widths for configuration K were 60mm. This configuration was 
only tested in three and four point bending due to material constraints. There was 
a similar decrease in the initiation strains as seen in the specimens with an embed- 
ded defect (K) (Figure 5.62); 32% and 23% in the three and four point specimens 
respectively in comparison to the modified benchmark configuration (B). Unlike the 
ply crack configurations, scatter in the results was similar for both defective and 
pristine configurations. Crack propagation was also stable in the four point tests 
which was seen in the load-displacement curves (Figure 5.63). 
Near the stiffener tip, the fracture surface (Figure 5.64) showed damage had initiated 
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Figure 5.62: Effect of embedded defects: Initiation and ultimate applied strains 
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Figure 5.63: Effect of embedded defects: Load-displacement curves for configuration 
K, 4 point bending 
around the embedded defect within the adhesive layer (i. e. cohesive failure) before 
progressing in the top +45° skin ply. However, in the four point specimens, towards 
the centreline of the stiffener at the top of the embedded defect, ply cracking had 
occurred and initiated damage around this area (circled in Figure 5.64b). This was 
not seen in the three point specimens, which had just delaminated in the top ply 
from the embedded defect. The four point tests had to be stopped before final 
failure (defined when the crack reached the middle of the specimen) as the test rig 
was interfering with the specimen arms at high deflections. 
3Pt - no detect 3pt - defect Opt - no defect 4pt - defect 
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Figure 5.64: Effect of embedded defects: 
urations B and K 
5.7 Discussion 
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Representative fracture surfaces of config- 
5.7.1 Inherent variability in nominally identical specimens 
Within a group of nominally identical specimens, two types of failure behaviour 
were encountered, particularly in the four point bending test. The first was unstable 
failure, where fracture propagated as soon as a crack initiated. This behaviour was 
dominant in the three point and lateral tension tests. The second was stable failure 
propagation which was exhibited by some of the four point bending specimens. The 
difference in the dominance of the unstable mode of fracture in the three point 
test compared to the four point may be attributed to the difference in loading 
configuration between the two tests. At a given loading in the four point, there is 
a constant moment between the two inner rollers, whereas in the three point, there 
is an increasing moment towards the middle roller. This is similar to the difference 
in failure behaviour seen in mode II fracture toughness End Notched Flexure tests 
(ENF), where the crack growth is stable under four point bending (4ENF) but 
unstable under three point bending. 20 
The amount of scatter in the test results was highest for the four point specimens. 
which had exhibited both stable and unstable failure. The variation of failure sta- 
bility was further investigated by partitioning the failure initiation results into two 
groups, defined by either stable or unstable behaviour (Table 5.9). This showed the 
applied strain at initiation for the unstable group was, on average, higher than that 
exhibited by the stable group. There was also a higher scatter associated with the 
Increased adhesive failure 
K 
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initiation values for the unstable group. This was attributed to local toughening 
around the stiffener tip which increased the applied strain required to initiate fail- 
ure, but once a crack had initiated, the amount of energy present was higher than 
that required to propagate the crack, resulting in unstable failure. The large amount 
of scatter indicated that there may have been varying amounts of the local tough- 
ening feature and the resin fillet was examined as a result. This was achieved by 
using the DIC images which indicated a range of different geometries at the stiffener 
tip. Images of the failure at the stiffener tip under four point bending have been 
presented in Figure 5.65. Although these images only provide detail of the edge 
of the fillet, they do suggest local variation in the fillet was present, which would 
have influenced the initiation of failure. Unfortunately, these local variations were 
perhaps the most significant reason that difficulties were encountered in quantify- 
ing the strain conditions at initiation with DIC results. However, no relationship 
regarding failure mode of the fillet, the stability or the magnitude of the applied 
strain could be identified. It is thought that a larger fillet would have blunted the 
stress concentration associated with the stiffener tip, thereby increasing the applied 
strain required to initiate failure. Consequently, upon initiation, the conditions at 
the crack tip would have exceeded the toughness of the material, resulting in unsta- 
ble crack growth. These observations were also reported in similar element tests by 
Minguet and O'Brien92 who had attributed the scatter in their results to the failure 
initiation at local defects and flaws. 
The lateral tension tests had exhibited the lowest amount of scatter out of the three 
tests. When the images of the resin fillet were examined it could be seen that these 
specimens had all undergone a similar crack initiation mechanism (Figure 3.66), 
which could have contributed to the lower scatter. 
With respect to the DIC results (an example was shown in Figure 5.11), the amount 
of scatter in the localised results was much higher than that in the global behaviour 
(applied strain at initiation and the fracture path through the specimen). This 
suggests that variations within the local strain states from inherent variability in 
the composite material, local geometry and manufacturing process for example, did 
not greatly influence the overall failure mode of the specimen. If these did not have 
an effect on the global failure within these specimens, there would probably be little 
effect on a full-scale stiffened panel which these elements represent. 
As can be seen in Figure 5.25, the similarities between the adhesive peel strain 
czz at initiation across all three test configurations suggests that peel strain in the 
adhesive may have been critical at initiating damage, whereas shear strain appeared 
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Figure 5.65: Failure variation in the adhesive fillet (4 point bending) 
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Figure 5.66: Adhesive failure initiation in the adhesive fillet (lateral tension) 
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not to have been so important. The fractographic results had demonstrated that 
ply cracking was the initiation event, and damage had then grown into the adhesive 
and the skin laminate from this ply crack. However, it was not easy to ascertain the 
behaviour of crack initiation and propagation on the other (non-viewed) side of the 
specimen, i. e. whether the fracture here had been initiated by the continual crack 
growth from the ply crack, or if this had been an independent event. If this was an 
independent event, adhesive failure could have initiated but may have been a more 
stable event compared to the initiation within the laminate. Previous analytical 
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studies performed by Kreuger et al. 162 based on similar bending tests concentrated 
on the delamination from the matrix crack as it was felt that this was the crucial 
mechanism by which failure had progressed through the rest of the specimen. 
The contour plots representing the intralaminar peel, ¬22 (Figure 5.26) and shear. 
'Y12 (Figure 5.27) in the local material directions for the top ply of the skin indicated 
the peak strains had developed just outside the skin/stiffener interface region with a 
site of the highest peel strains towards one side of the specimen. This corresponded 
to the +45° ply direction shown in the inset image in Figures 5.26c and 5.27c. At 
initiation, the two bending tests exhibited similar values for the intralaminar peel 
and shear in this region (Figure 5.29). However, the magnitude of these strains in 
the lateral tension tests were considerably higher, despite the ratio being similar. 
Fractographically, the lateral tension specimen exhibited a higher intralaminar mode 
I component in the ply crack surface (Figure 5.21). This suggests that the local 
strain conditions in the lateral tension tests differed to those in the bending tests. 
This was also seen in the DIC results for the peel strain (E, zz), where a large zone 
of compressive peel strain (Ezz) was seen in the tension tests. The width-wise strain 
(Exx) was also much higher in the lateral tension test than that in the bending 
tests. One possibility is that the matrix crack may have occurred at lower strains 
in the tension test, but local conditions may have prevented delamination from 
propagating catastrophically into the rest of the specimen. It was seen that the 
subsequent delamination failure from the ply crack was initiated by crack growth 
under high interlaminar mode I conditions into the first ply interface (Section 5.6.2). 
This may have been inhibited by the larger degree of compressive peel strain in the 
skin/stiffener interface in the lateral tension test. 
5.7.2 Effect of material choice 
Configuration A (HTA/6376) exhibited greater stability and increase in compli- 
ance after initiation for the four point bending tests compared to configuration B 
(AS4/8552) (Figure 5.30b). This was attributed to the different adhesive rather 
than the difference in the skin and stiffener material used. This was largely seen on 
the fracture surfaces, where configuration A exhibited a larger amount of adhesive 
failure compared to B and H. This has been further discussed in Section 5.71.4-2. 
Globally, there were no significant differences in the applied strain required to initiate 
failure between configurations B (AS4/8552) and H (IM7/8552) (Figure 5.31). The 
intralaminar peel and shear strains (E22 and '; 12) were also very similar at initiation 
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for all tests (Figure 5.36). Configuration B and H had the same resin system 
but different fibres, of which the IM7 fibre had superior stiffness and strength (Table 
5.3). It would seem that the properties of the fibre do not influence when failure 
initiates, as the mechanisms for failure were largely matrix dominated. 
The micrographs of the first +45°/-45° ply interface exhibited a difference between 
the two matrices, 8552 and 6376 (Figure 5.34). The benchmark configuration A 
(6376) exhibited more gouges on the fracture surfaces than the 8552 resin used in 
configurations B and H, which is indicative of mixed mode I/II failure. The failure 
mechanism for this feature is not fully understood: 176 on these surfaces, the mixed 
mode ratio seems to be the same for all three materials from the angle and density 
of the cusps; perhaps this morphology may be dependent on the material. However, 
this difference in morphology did not seem to influence the overall failure behaviour 
of the test specimens. 
5.7.3 Effect of stacking sequence 
5.7.3.1 Effect of skin stacking sequence: Configuration D 
Configuration D had a soft surface and was designed to increase the stability of 
failure propagation. This stability was observed and attributed to the high number 
of angled plies on the outer surface of the laminate providing a relatively more 
complex crack path. 
The stacking sequence in configuration D exhibited a zone with high strain con- 
centrations for the e, z, z, Eýx and 'yyz strains in the skin just outside the stiffener tip 
(Figure 5.39). This difference from the modified benchmark configuration B could 
be attributed to the softer surface (grouping of the +45°/-45°) followed by 0° plies. 
This did not seem to affect the overall failure progression in the bending tests as 
these specimens initiated damage in the form of ply cracks in the top ply of the 
skin. The delamination then migrated through each layer via subsequent ply cracks, 
growing away from this high strain concentration, until the specimen centreline was 
reached, defining final failure (Figure 5.40). In the lateral tension test, this strain 
concentration may have caused the invalid failure in the end grips, as failure was 
seen to have grown from the grips in the -45°/0° interface of the skin. 
Although the applied strain required for initiation in configuration D was higher 
than that in the modified benchmark (B) for both bending tests (iýý` and 21`7( for 
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the three and four point respectively), the intralaminar strains were very similar. 
Both the peel and shear strains in the adhesive were slightly lower than those in the 
modified benchmark (B) for the corresponding tests. A possible explanation for this 
apparently contradictory behaviour was that the effect of having a skin and a flange 
with large differences in global flexural moduli (Figure 5.67). The homogenised 
Dy9 values calculated for the skin were 44 GPa for configuration B and 26 GPa for 
configuration D. The stiffener stiffness was identical in both configurations (20'CPa). 
As the skin laminate for D was much more compliant. the curvature of this would 
be more affected by the presence of the stiffener than the stiffer skin laminate in 
B. The points where the intralaminar strains were extracted and where the applied 
strain was calculated were in the proximity of the stiffener and were likely to have 
been affected by this. It was also tentatively inferred from the similarity between 
the intralaminar strains at initiation for the modified benchmark B and D that there 
was a critical strain condition for failure initiation in this area (due to initiation by 
ply cracking in both these cases). 
Configuration D- compliant skin 
Configuration B- stiff skin 
Figure 5.67: Schematic showing the effect of a compliant and a stiff skin 
5.7.3.2 Effect of skin stacking sequence: Configuration F 
There were no significant differences in the performance of configuration F and the 
modified benchmark configuration B. Although the layup of configuration F had a 
0° top ply, delamination did not occur along the first 0°/+45° interfaces. A ply 
crack in the +45° ply occurred instead, and failure from this point on was similar to 
that of the modified benchmark configuration B. In this case. the 0° fibres were not 
aligned in the preferential growth direction and so crack growth did not occur along: 
this interface. As the lower plies were similar to the modified benchmark layup. 
there was no variation in failure progression. 
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5.7.3.3 Effect of skin stacking sequence: Configuration G 
Configuration G had a quasi-isotropic layup with a 90° surface ply. All the failures 
in configuration G were unstable, for all test configurations. The 900 ply was in 
the preferential crack growth direction, towards the centreline of the stiffener and 
once failure had initiated within this ply, there were no obstructions to final failure 
(Figure 5.44). This could imply that under these loading conditions, when failure 
reaches an interface containing a 90° ply, failure will be unstable. To avoid unstable 
failure, a layup could be designed where the 90° ply was deeper within the laminate. 
5.7.3.4 Effect of flange stacking sequence 
The formulation of the flange stacking sequence had been developed with the per- 
formance of the stiffened panel in mind. Compliance was increased by including 
a higher number of angled plies which resulted in a much lower flexural D1z coin- 
pared to the modified benchmark, but the D., values were similar (Table 5.6). This 
meant that there were no significant differences in the results between the config- 
uration pairs of C and D, E and F in these tests which were highly dependent on 
the Dyy properties. However, the consequences of having a more compliant flange 
on the strain field in the specimen was seen from the DIC images where the area 
of high strain concentration seen in configuration D (Figure 5.47) was reduced in 
configuration C. 
5.7.4 Effect of skin/stiffener interface 
5.7.4.1 Configuration M- cocured 
The load-displacement response of the cocured configuration (M) exhibited more 
small load drops after initiation compared to the other two configurations. This 
complimented the appearance of the fracture surfaces which exhibited many more 
ply cracks within the skin. Although the same failure progression as in the 
bench- 
mark configuration was seen, failure reached the 0°/90° ply much earlier than in the 
benchmark specimens. This was perhaps a consequence of the formation of a larger 
number of ply cracks within each laminate. This could have explained the 
low max- 
imum strain observed in this configuration for all three test methods. Ply cracking 
was extensive in this configuration, and the corresponding load-displacement traces 
showed relative stability in the failure progression. This suggested that the strain 
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conditions to initiate ply cracking were much lower in the cocured configuration. 
however the conditions required to initiate the second phase of failure (i. e. delami- 
nation growth from these ply cracks) was not similarly affected. The omission of a 
relatively more ductile interface between the skin and the stiffener seemed to have an 
effect on the initial ply crack formation, but less so on the subsequent delamination 
growth. The consequence of the large number of ply cracks may have been the earlier 
delamination initiation from these cracks due to the local geometric discontinuities 
they would have offered. 
The intralaminar strains at initiation in the cocured configuration were lower when 
compared to the benchmark configuration A; since there was no adhesive interface, 
this could perhaps be considered as a lower bound for the critical strain conditions 
required to initiate damage in the form of ply cracks for this particular specimen 
geometry. 
5.7.4.2 Configuration B- modified benchmark 
Although the skin and stiffener material of configuration A and B were different, 
the properties were similar (Table 5.5). The adhesive used in configuration A was 
FM300-2M, which was a more ductile adhesive than FM300-K and had a higher 
shear strain at failure (Table 5.7). The fracture surfaces of FM300-2M exhibited a 
greater degree of adhesive failure compared to that of FM300-K which had almost 
no adhesive failure (Figure 5.52), with delamination staying within the composite 
layer. In this case, stability coincided with failure in the more ductile adhesive; 
it appeared that failure within the adhesive allowed some alleviation of the stress 
conditions driving the delaminations in the composite so failure 
did not propagate 
so catastrophically. This was also encountered in particular 
for configuration J 
(60mm specimen width) where failure propagation was more stable than that 
in the 
benchmark configuration (A) 
Summary The results from these three configurations indicated that the interface 
between the stiffener flange and the skin was one of the key factors in 
delaying and 
controlling damage initiation. Comparing the two adhesives 
however, there was 
no significant difference between the initiation and final 
loads. It would be more 
desirable to have a stable as opposed to a catastrophic crack growth in a structural 
member, because this would offer a greater chance of 
detection before final failure. 
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5.7.5 Effect of specimen width 
The specimens of different widths (configurations A, I and J) tested under three 
point loading exhibited significant differences in the adhesive (Figure . 5-55) and skin 
strains (Figure 5.56) at initiation. However under four point loading, these results 
were relatively independent of specimen width. There was no variation in the applied 
strain at initiation (Eyy) for either test, which meant that initiation had occurred at 
similar deformations. These variations in local strains at initiation did not seem to 
vary in accordance with increasing specimen width, so it could not be determined 
that a larger width had caused an increase in initiation skin strains, for example. 
The most marked difference between the configurations was the greater stability in 
failure propagation for the 40mm and particularly, the 60mm width specimens. 
There was a slight variation in the initiation mechanism in the larger specimen 
widths which was reflected on the fracture surfaces. The failure initiated in the 
adhesive, which then led to the formation of the ply crack. In the largest specimens 
(configuration J), the ply crack tended to be further inwards of the stiffener tip 
compared to the other two configurations. It was postulated that failure in the 
larger specimen widths was stable due to the presence of adhesive failure. If a ply 
crack had initiated on one side of the specimen, and adhesive failure had initiated 
in the rest of the specimen, a specimen with a larger width would have a higher 
proportion of failure that was propagating within the adhesive (assuming the crack 
front was relatively constant across the width). Even with failure propagating into 
the first ply interface, the global behaviour may have been stabilised by the amount 
of adhesive failure elsewhere in the specimen. However, it was still thought that the 
ply crack was a crucial damage formation mechanism as this allowed crack growth 
into the skin of the element. 
5.7.6 Effect of defects 
5.7.6.1 Effect of an artificial ply crack, configuration L 
Configuration L, with the artificial plycrack exhibited a decrease in the amount of 
scatter in the initiation results compared to the modified benchmark configuration 
B (Table 5.13 and Figure 5.58), indicating the influence of the localised 
details at 
the stiffener tip. The load-displacement traces (Figure 5.5 i) indicated that once 
initiation had occurred, propagation was a relatively stable event. It was not clear 
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from the fractography whether damage initiation in the adhesive was due to the 
presence of the artificial ply crack. The amount of adhesive failure that was seen on 
the fracture surface in Figure 5.60 could also have contributed to the stable failure 
exhibited by all the specimens that included an artificial ply crack. 
Figure 5.60 also shows that the artificial ply crack was not representative of a ply- 
crack that could occur in practice. This had effectively simulated a stiffened element 
with a crack (the length that was the width of the brass strip inclusion) and the 
strain conditions ahead of this crack would not have been representative of the 
strain conditions ahead of a real ply crack. The peel and shear strains (Ez-- and 
-yyz) recorded in the DIC images showed that there was a large strain concentration 
ahead of the artificial ply crack, and this would have been dependent on the size 
of the crack length. These results may have been different for different widths of 
inclusions. 
5.7.6.2 Effect of embedded defects - configuration K 
The observed difference in the load-displacement behaviour between the three and 
four point tests (unstable in the three point and stable in the four point test) (Figure 
5.63) may have been due to the loading configuration, where the three point test had 
an increasing moment towards the centre of the stiffener compared to the constant 
moment applied by the four point, discussed in Section 5.7.1. 
Images from the DIC showed the ezz, c and 'yy, z strains were lower in the specimens 
with the embedded defect. As the specimen was so wide (60mm), it was probable 
that the area of interest would have been towards the middle of the specimen where 
the edge of the defect was located. There was a similar decrease in the applied 
strain at initiation compared to the benchmark configuration (just under 30`7, ) to 
that seen in the ply crack configuration (L), although scatter had not dropped as 
dramatically. Failure had initiated within the adhesive, suggesting that the scatter 
may have been due to the failure initiation in the adhesive. This suggests that in the 
ply crack configuration (L), the decrease in scatter at initiation may have been due 
to delamination within the first ply interface, rather than initiation in the adhesive 
on the opposite side of the specimen. As scatter in configuration K was also similar 
to the scatter in the modified benchmark configuration (B), this may indicate that 
the methods used for obtaining damage initiation correspond to initiation within 
the adhesive. This suggests that damage may have formed in the adhesive first, 
prior to delamination from the presence of the ply crack. 
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These specimens exhibited a greater degree of failure initiation within the adhesive 
around the area of the embedded defect, which was perhaps due to the location of 
the defect. As the location was above the top ply of the skin, failure initiation at 
the adhesive interface may have been preferential compared to the formation of the 
ply crack. The effect of introducing a defect in the adhesive rather than the top ply 
of the laminate (as in configuration L) resulted in a similar decrease on the applied 
strain required to initiate damage, which suggested that a defect in either interface 
was equally critical. However, the ability of this ply crack configuration to simulate 
damage behaviour in a specimen with an actual ply crack may be poor. 
5.8 Summary 
This chapter has reported the experiments conducted using three stiffened element 
tests; three and four point bending, and lateral tension. Parametric variations of the 
material, stacking sequence in the skin and the flange, the skin/stiffener interface, 
specimen width and defect inclusion have been conducted. In summary, the key 
findings from conducting these element tests were: 
" Failure initiation and propagation within each configuration was generally sim- 
ilar in all tests. 
" The three point bending tests generally exhibited unstable failures compared to 
the four point bending tests. This was attributed to the loading configuration 
which induced an increasing moment towards the mid-span of the specimen. 
" Stability of the failure in the bending tests was attributed to the local varia- 
tions in the geometry of the adhesive fillet at the stiffener tip. 
" The peak intralaminar peel (E22) and shear (712) strains in the skin, 2mm from 
the stiffener tip at initiation were similar between both bending test specimens; 
the magnitude of both strains were higher in the lateral tension tests, although 
the ratio was similar in all three test methods. 
" Fibre type did not influence the applied strain at initiation, nor did it affect 
the intralaminar peel (622) and shear ('y12) strains in the skin at initiation. 
" The intralaminar peel (622) and shear ('y12) strains in the skin at initiation were 
similar for skin stacking sequences of different flexural stiffnesses (Dy. ). This 
indicated that there may be a critical condition for controlling ply cracking 
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and therefore subsequent failure propagation. 
" The effect of including a 0° oriented ply at the surface did not influence the 
failure propagation when compared to the benchmark stacking sequence (B). 
However, orienting the top ply at 90° had a large influence on the applied 
strain at initiation and the failure progression. 
" Using a soft flange did not affect the applied strains at initiation, nor did 
it affect the failure progression, although the strain concentration that was 
encountered in the skin of configuration C was alleviated with the use of the 
softer flange. 
9 The skin/stiffener interface had the largest influence on the applied strain 
at initiation and the failure behaviour. The cocured specimens exhibited a 
decrease in the applied strain at initiation and extensive ply cracking was seen 
in these specimens. 
" Variations in the adhesive influenced failure stability, although it did not affect 
the overall performance of a configuration. 
" Varying the specimen width did not affect the applied strain at initiation, nor 
did it conclusively affect the adhesive or intralaminar skin strains at initiation. 
The effect of width on the delamination onset moment had previously been 
observed by Van Rijn. 
131,152 However, it did influence the stability of the 
failure propagation. 
" Including an artificial ply crack decreased the applied strain at initiation, but 
also the amount of scatter in the results. Failure propagation was seen to be 
stable under four point loading. 
" Including an embedded defect at the skin/stiffener interface resulted in ini- 
tation and propagation within the surrounding adhesive prior to propagation 
via delamination in the top ply. A similar decrease in the applied strain at 
initiation compared to the artificial ply crack configuration was seen. 
In the following chapter, the use of the element tests as a representation of the 
full-scale stiffened panels is assessed and discussed. Based on this, the findings from 
this chapter are then extrapolated to postulate what the potential effects of varying 
these same parameters would have on the failure of a full-scale postbuckled stiffened 
panel. 
CHAPTER 6 
DISCUSSION OF THE IMPLICATIONS 
OF THE ELEMENT TEST RESULTS 
6.1 Overview 
The findings from the element tests presented in Chapter 5 were collated with results 
from the stiffened panel studies from Chapter 3. The validity of using the element 
tests to represent the behaviour of the full-scale stiffened panel was assessed by 
comparing the failure behaviour as well as the initiation strain conditions. A link 
in terms of the failure characteristics and the strains at initiation in the bending 
tests and the stiffened panel was established. Based on this, a methodology to 
predict failure initiation in a stiffened panel was proposed. This link also allowed 
extrapolation of the effects seen from changing various parameters in the element 
tests to predict their potential influences on stiffened panel behaviour and failure. 
6.2 Summary of element test findings 
The failure morphology of the benchmark test elements (configuration A) were com- 
pared to those of the EDAVCOS stiffened panel that was studied in Chapter 3 to 
compare the conditions at failure initiation and propagation. This was to assess 
the potential of using the element test to represent certain conditions in full scale 
stiffened panels. 
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6.2.1 Fractographic comparisons 
6.2.1.1 Fractographic analysis of element test failure (benchmark con- 
figuration A) 
Fractographic analysis of the element test specimen (configuration A) under four 
point loading has been summarised in Section 5.6.3 with comparison to the modified 
benchmark configuration B. To facilitate the comparisons between these elements 
and the EDAVCOS SFN5 panel, more details of the failure in configuration A are 
presented below (Figure 6.1). 
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Figure 6.1: SEM images for HTA/6376,4 point loading: specimen 4pt20-3, stiffener 
side 
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A high shear component orientated parallel to the specimen edges, was evident from 
the twist of the cusps (Figure 6.1b). There was a high density and inclination of cusps 
present on the ply crack surface, indicating a high intralaminar shear component 
had been present during failure. At the intersection between the stiffener tip and the 
specimen edge, crushing had occurred which was consistent with this area being an 
early event, possibly initiation (Figure 6.1a). Just adjacent to the ply crack, there 
was evidence from matrix riverlines that the fracture had grown from the ply crack 
into the delamination in the -45°/0° ply interface (Figure 6.1c). This delamination 
(Figure 6.1d) had a lower shear component than that in the adhesive/+45° interface 
and exhibited gouges on the fracture surface (Figure 6. le). Delamination in the lower 
most ply interface (0°/90°) (Figure 6.1f) also had a higher mode I component than 
in the top +45°/-45° interface. Shallow cusps were seen on the interface which 
indicated that this was predominantly a peel fracture. '76 
In summary, ply cracking had been the initiation event which had occurred tinder 
high intralaminar shear ('y12). Failure had grown off this ply crack into the adjacent 
layers and delamination had propagated in to the skin. Further delamination in the 
lower interfaces had initiated from subsequent ply cracks in the second (-4. ')') ply 
with final failure under a high mode I component at the 00/900 ply interface. 
6.2.1.2 Comparison with stiffened panel failure (Section 3.2.1) 
Ply cracking, which was the initiation event in the EDAVCOS SFN5 panel, was 
also found to have occurred under high intralaminar shear ('y12) with propagation 
into the neighbouring adhesive and skin laminate evident from the riverlines present 
on the fracture surface. The fracture morphology relating these mechanisms were 
similar in both the panel and the elements, which implied that ply cracking and the 
subsequent migration into the deeper ply interfaces in the skin had occurred under 
similar conditions. 
However, in the full-scale structure, although propagation had started parallel with 
the fibre direction, as soon as the crack had propagated into these two ply interfaces, 
it had reoriented in the stiffener (x) direction. The cusps present in these fracture 
surfaces exhibited quite a high twist which was indicative of mixed mode II/III 
conditions during propagation. This was not seen in the element tests, perhaps 
because no longitudinal shear had been imposed upon these specimens. Further 
migration into the plies deeper in the skin was also not seen in the stiffened panel; 
final failure appeared to propagate mainly in the adhesive/skin interface and within 
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the first ply interface of the skin. In this respect, the element tests did not reproduce 
the final damage propagation observed in the panel test. 
Failure initiation in the form of ply cracking in the bottom ply of the stiffener flange 
was also seen in the stiffened panel tests, which was not replicated in the element 
tests. This may have been due to the element skin being more constrained at the 
free edge than the bottom ply of the stiffener which allowed ply cracking to occur 
preferentially in the surface ply of the skin. The observation that the EDAVCOS 
stiffened panels had been cobonded rather than secondary bonded may also have 
influenced the location and propagation of the ply cracking event. The slight recess of 
the skin underneath the stiffener foot would have changed the local strain conditions 
in the area, perhaps acting to clamp the skin to the stiffener. 
6.3 Comparison of initiation strain conditions be- 
tween element tests and the stiffened panel 
The strain conditions predicted by FE in the benchmark configuration element test 
results were compared to the results obtained from the EDAVCOS SFN5 panel 
model. Initiation strain conditions in both the top ply of the skin as well as the 
adhesive in the panel and element tests have been contrasted below. 
6.3.1 Strain conditions in the EDAVCOS SFN5 panel 
To extract the strain conditions at failure, an FE model of the stiffened panel under 
the applied strain at failure (-6261µE) was used. This was the same model as that 
used in Chapter 3 and model details can be found in Section 3.2.2.1. 
Fractographic studies of the SFN5 panel indicated that ply cracks in the top surface 
of the skin were the failure initiation events in the postbuckled panel, followed by 
adhesive failure, primarily in the longitudinal direction. Ply cracking was also the 
initiation event seen in the element tests, as well as some degree of adhesive failure 
(depending on the adhesive used). Consequently, the local strains at failure initiation 
for both the element tests and the panel were compared at two coincident locations. 
The first was from the surface ply of the skin, 2mm from the stiffener tip, for the 
strains contributing to initiation of ply cracking in the skin. The other site was in 
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the adhesive at the stiffener tip to compare the local strains present for initiation 
within the adhesive. 
The pertinent in-plane skin strains for ply cracking are the intralaininar peel and 
shear, E22 and 'Y12 (Figures 6.2 and 6.3 respectively). Regarding the location of the 
greatest magnitude of peel near the stiffener tip, these did not correspond directly 
with the buckle nodes in the stiffened panels, but with a line extrapolated along the 
top +45° ply located at the buckle crest. Hence the largest positive intralaminar peel 
strains were encountered just off the nodes. The largest compressive intralaminar 
peel strains were predicted at the buckle antinodes. 
The highest magnitude of in-plane shear was predicted to have been underneath the 
stiffeners, also in line with the buckle crests. With respect to shear strains at the 
stiffener tip, these were predicted at sites corresponding to the antinodes. 
From the three-dimensional model, the intralaminar peel (622), shear (-,, 12) and one of 
the out-of-plane shears that could also contribute to ply cracking (-y23) were extracted 
on both the left and the right edges of the central stiffener (Figure 6.4). The buckling 
nodes and antinodes have been superimposed onto these plots as vertical lines. The 
highest peel strains were predicted to have been about half way between a buckle 
crest and the node. Although the magnitude of the in-plane shear (7/12) «-as in 
general larger than the out-of-plane shear ('y23), the out-of-plane shear was by no 
means inconsequential. Hence the magnitude of the shear (vector suns) on both 
sides was calculated and plotted in Figure 6.5. This did not influence the shear 
conditions at the anti-nodes, but greatly increased the shear predicted at the nodes. 
The maximum shear was still predicted to have been adjacent to the buckle crests, 
however. 
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Figure 6.2: In-plane intralaminar peel strains for top +45° ply, relative to local +45° 
orientation 
(a) Contour plot of peel strains 
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Figure 6.3: In-plane shear strains for top +45° ply, relative to local +45° orientation. 
Panel length is 0 at the bottom of the panel. 
(a) Contour plot of shear strains 
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Figure 6.4: Distribution of the skin strains relevant to ply cracking, in the top +45° 
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panel is equivalent to the origin. 
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6.3.2 Comparisons with the benchmark element test results 
6.3.2.1 Conditions in the skin 
The peak skin strain conditions at initiation at the same point (21nnl from the 
stiffener tip) in the three and four point bending and lateral tension tests from 
Section 5.6.3 were: 
Test Intralaminar peel strain (622) Intralaminar shear strain (112) 
3 point bending 0.00897 0.00326 
4 point bending 0.0105 0.00386 
Lateral tension 0.0167 0.0059 
The in-plane shear values ('y12) have been used as it was found that the out-of-plane 
shear strains ('x'23) were negligible in the element tests. 
The initiation strains for the three and four point bending tests were superposed 
onto the peel and shear strain distributions for the panel (Figure 6.6); the parts of 
the strain plots that have individually exceeded the value given in the bending tests 
have been highlighted. It can be seen from these plots that both the peel and shear 
conditions required to initiate ply cracking were met in the areas near the maxima 
in the panel strains. Ply crack initiation near the buckle crests were also observed 
from the failure analysis of SFN5, indicating that these local initiation conditions 
were reproduced in the bending tests. 
The strains required to initiate ply cracking in the lateral tension specimens were 
much higher than those encountered in the panel. It was thought that there may 
have been far-field influences effectively increasing the critical strain conditions 
within this particular test (discussed in Section 5.7.1). The conditions seen in the 
lateral tension test were not representative of any strain combination seen in the 
stiffened panel. 
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A design methodology for stiffened panels using bending tests 
From the benchmark specimen comparisons, bending tests appear to reproduce the 
skin strains at locations in the stiffened panel at which ply cracking had initiated. 
Consequently, the maximum skin strains from the bending tests (different stacking 
sequence variations) were plotted together (Figure 6.7) to infer potential panel failure 
behaviour for these stacking sequences. 
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Figure 6.7: Effect of stacking sequence: Maximum surface ply skin strains at initi- 
ation for bending tests 
As can be seen in Figure 6.7 there were three clusters of data points, grouped by 
orientation of the top ply. Configuration G, which had a 90° top ply, had not failed 
via the ply cracking mechanism, which means that the following methodology cannot 
be used to predict failure. With the +45° surface ply orientations, initiation occurred 
at similar peel and shear strain ratios. This indicated that initiation through ply 
cracking in the +45° ply was governed by the intralaminar strain conditions. If 
these were representative of the initiation conditions in stiffened panels, a post- 
buckled design could be achieved through controlling the deformations of the skin, 
i. e. choosing a stiffer skin layup with more 0° fibres that would permit less out- 
of-plane deformation, or controlling the buckle mode shapes again to decrease this 
deformation. Prediction of failure initiation would then be based on extracting 
the strains close to the stiffener edge (2mm in this instance) and comparing these 
to the peel and shear strain values from the element tests presented above. This 
comparison relies on the fulfilment of two factors; one is the ratio of 622 and ' 12 has 
to be similar between the bending test and the stiffened panel, the second is that 
the magnitudes of both strains have to be equivalent in the representative element 
and the panel. 
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To test this proposed methodology to predict panel failure, the next phase of the 
study was to test full-scale panels. Two stiffened panels with the same layups 
as configurations B (the modified benchmark panel) and C, where both the skin 
and the stiffener stacking sequence were changed to a more compliant layup, were 
manufactured. The results of this study have been reported in Chapter 6. 
Referring to the various authors using different test methods exhibiting different 
failure characteristics (Section 2.9.1); the observations so far seem to be in line with 
the approach taken by the researchers at NASA, 89' 92' 93,139,162 who have focused on 
the delamination propagating from matrix cracks. 
6.3.2.2 Conditions in the adhesive 
The adhesive strains in the stiffened panel at failure initiation were dominated by 
the longitudinal shear strain (ryxz) (Figure 6.8) which was particularly high at the 
buckle nodes. From fractographic observations, it was apparent that failure due 
to this longitudinal strain was an unstable event that had occurred after the ply 
cracking. 
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From the element tests, the peel (Ez, z) and the shear (; yz) strains in the adhesive at initiation were: 
Test Interlaminar peel strain (E, z, z) Interlaminar shear strain (i ) 
3 point bending 0.046 0.093 
4 point bending 0.047 0.100 
Lateral tension 0.042 0.15 
These element strains were much higher than the corresponding peel and shear 
strains predicted in the panel; this observation implies that the bending tests did 
not mimic the strain conditions at initiation in the panel as the skin strains had. 
However, since adhesive delamination was a secondary event that occurred after 
ply cracking, the FEM models would not have captured the correct strains since no 
damage was included in their formulation. 
To further investigate the critical strains in the adhesive, models that included 
ply cracks corresponding to those sited near the buckle crests could be formulated 
and the strains in the adhesive near these discontinuities could then be evaluated. 
Further ply cracks in the locations seen on the SFN5 panel could also then be added. 
These could then be compared to similar element test models. 
6.4 Summary of the element/panel comparisons 
The critical conditions required to initiate failure initiation in the skin of the stiffened 
panels were mimicked in the bending tests, suggesting that these tests had the 
potential to predict stiffened panel failure via ply cracking in the surface +45° ply: 
this appears to be a critical initiation mechanism in stiffened panel failure. This 
hypothesis was verified fractographically where the same mechanisms were observed 
on both the element and the panel fracture surfaces up to the point where the 
direction of failure propagation in the adhesive and the top ply of the skin changed 
to reorient to longitudinal growth. 
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6.5 Observations from the element tests in the 
context of stiffened panels 
As the initiation conditions in a stiffened panel appear to have been represented 
in the bending tests, some of the observations made when conducting parametric 
variations on element tests in Chapter 5 have been applied to the full-scale panels. 
This is to infer the effect that varying the same parameters would have on failure 
initiation in stiffened panels. 
6.5.1 Material choice 
The choice of material can have an effect on both the global structural behaviour 
and the local material behaviour. On the global scale, the laminate stiffness Col could 
affect the response of the panel under compressive loading, changing the otit-of- 
plane displacements in the bays which were induced in postbuckling. This should 
have a direct effect on the strains seen near the stiffener tip that would affect, when 
initiation occurred. As ply cracking is a local event that can be affected by factors 
such as the fibre/matrix bond strengths and resin properties, the material choice 
could influence initiation at this level. 
Considering two laminates with an identical stacking sequence, one of a material that 
is stiff but has low strains to failure (such as carbon fibre) compared to one that 
is more compliant with higher strains to failure (such as glass fibre). There may 
be little difference in the applied strains at failure initiation as a stiffer material 
may restrict deformations, but if failure initiates at a lower intralaminar strain, 
deformations would not need to be large to initiate failure. On the other hand, a 
compliant material may exhibit larger deformations but perhaps would 
be able to 
withstand larger intralaminar strains. However, the contribution of stiffness and 
strain to failure are not in equal measure. Considering the Euler buckling equation 
for a column pinned at both ends from which the critical buckling 
load PP is given 
by: 
7r2EI (6.1) Pý - L2 
E= the flexural stiffness of the column, 
I= the second moment of area, and 
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L= the length between the end conditions. 
L and I are dependent on geometry, and if these were kept constant, it can be seen 
that an increase in stiffness would lead to an increase in the critical buckling load. 
When buckling has occurred, out-of-plane deformations will suddenly increase, thu 
increasing the surface strains in the component. In the simple case of a carbon fibre 
versus a glass fibre plate, it will be the stiffness term that dictates the load carrying 
capacity of both materials as it is not likely that the compliant material will exceed 
the stiffer one. However, between materials of similar stifinesses, an increase in the 
strain to failure may increase the load carrying capacity, as this will now have a 
superior strain carrying capacity, and therefore a higher loading. 
Varying the material to increase stiffened panel performance (i. e. increase the load- 
carrying capability) would require studies of the effect on both the structural re- 
sponse, as well as the localised strains that would be induced during buckling. 
6.5.2 Skin stacking sequence 
Changing the skin stacking sequence could greatly influence the global response in a 
stiffened panel due to its impact on the flexural stiffness which, in turn would affect 
the bay deformations in the buckled panel. 
Differences in failure morphology due to the orientation of the top ply were encoun- 
tered in the element tests, where having a 90° top ply (configuration F) initiated 
failure in the adhesive. This then propagated parallel to the 90° fibres up to the 
stiffener centreline. The effect a 90° surface ply would have in a stiffened panel may 
have been different as the predominant loading at the skin/stiffener interface has 
been observed to be longitudinal shear In this case, the same effect may have 
been seen if the surface ply in the stiffened panel was oriented at 00 but here, failure 
would propagate preferentially along the longitudinal (x) direction. 
The approach taken to control the stability of failure propagation in the element 
tests (configurations C and D) may not have been valid in the stiffened panel, as the 
direction of crack propagation was different between both tests. In the element tests, 
the crack was found to migrate through the ply interfaces through the formation of 
further ply cracks, which was not observed in the stiffened panel as the failure was 
restricted to the first ply interfaces and within the adhesive. 
With a more compliant skin, the applied strain at initiation in the element test 
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was higher, i. e. a larger deformation was imposed on the bending specimen. but 
the intralaminar strains were similar to that of the element benchmark. It was 
postulated that the ratio of the flexural stiffness between the skin and the flange 
may have influenced this apparent contradiction, as the stiffener could have had a 
larger effect on the local deformation of the softer skin (discussed in Section 5.7.3.1). 
This may also have been seen in the four point studies conducted by Van Rijn131.152 
where varying the flange thickness did not seem to change the delamination onset 
moment. It was expected that a thicker flange would have higher peel stresses (or,, ) 
and would therefore fail at a lower applied bending moment. Applying the ideas 
raised in Section 5.7.3.1, van Rijn's observations have been due to the thicker flange 
constraining the deformation of the skin near the stiffener tip. This constraint may 
have decreased the intralaminar strains in the critical areas near the stiffener tip, 
allowing a larger moment to be applied before failure initiated. 
6.5.3 Flange stacking sequence 
No significant differences in performance were observed with a more compliant flange 
in the element tests. This was attributed to the flexural stiffness of the more com- 
pliant flange Dyy being similar to the benchmark. However, some alleviation of the 
skin strain concentration that was seen in the skin of configuration C signified that 
a more compliant flange may have some influence in failure initiation on the stiff- 
ened panel. If a more compliant flange could lower the strain concentration seen 
at the stiffener tip, this could potentially mean a higher bay deformation could 
be 
achieved. However, a more compliant flange is also likely to lead to a lower 
load- 
carrying capability, so the balance between local strain conditions and global panel 
response would have to be considered. 
6.5.4 Skin/stiffener interface 
The detail of the skin/stiffener interface had a large influence on the failure 
be- 
haviour in the element tests. Ply crack formation was severely promoted in the 
cocured configuration and initiation occurred much earlier, whereas 
failure stability 
was increased when a more ductile adhesive was used. For configurations with a 
stronger adhesive, failure occurred largely within the skin laminate and not within 
the adhesive. Applying these observations directly to stiffened panels, it would sub 
gest that a lower strength but higher ductility adhesive may be better at alleviating 
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ply cracking conditions at the flange tip than one which was less ductile or no ad- 
hesive at all (i. e. cocured). These extremes in interface type could give rise to 
very different failure mechanisms in a stiffened panel: incorporating a strong adhe- 
sive may lead to more extensive failure within the skin-stiffener elements, in which 
instance the material and stacking sequence of the laminates would play an impor- 
tant role in determining the strain conditions at the critical areas. A considerably 
weaker adhesive may initiate failure in the adhesive itself rather than through ply 
cracking, in which case it may be preferential to increase the laminate stiffness to 
minimise skin deformations. These results also suggest that including an adhesive 
via secondary bonding may be much better at delaying failure initiation than using 
a cocured design, with no adhesive. 
6.5.5 Defects in the skin/stiffener interface 
The presence of the embedded defect appeared to promote initiation within the 
adhesive interface due to the position of the defect. It could be inferred from this 
that any damage or defect in the adhesive, as well as promoting failure within 
the adhesive, could suppress ply cracking, which was seen in the three point test 
configurations. 
6.5.6 Summary 
Some potential effects of various parameters on the failure initiation within a stiff- 
ened panel were inferred from the element tests. This built on the observation that 
there were similar strain conditions in key damage locations between the bending 
tests and the panel at failure. In the element tests, the effect of parametric variation 
on the local conditions could be focused on, but to apply these observations to a 
full-scale stiffened panel requires further investigation. These same variations could 
potentially have just as significant an effect on the global panel behaviour under 
loading, which would in turn also affect the local conditions at the stiffener tip. 
Consequently a balance between structural behaviour and material behaviour has 
to be struck which may be achieved through incorporating a mixture of these param- 
eters, such as changing a stacking sequence to fit a particular material, or tailoring 
a particular ply interface with the ratio of stiffener flange and skin stiffnesses. 
CHAPTER 7 
FULL-SCALE STIFFENED PANEL 
TESTS 
7.1 Overview 
Based in the assessment of the element results (Chapter 4 and 5), two full-scale 
stiffened panels were designed, fabricated and tested to failure under compressive 
loading. The postbuckling behaviour was monitored with DIC, shadow Moire and 
strain gauges. The intention of these tests was to assess the potential of using 
the design methodology presented in Section 6.3.2.1 to predict when stiffened panel 
failure would initiate using results from corresponding bending tests. Fractography 
of the failure surfaces was subsequently performed to determine the failure sequence 
in both panels. Failure was seen to have occurred prematurely through the adhesive 
rather than via ply cracking in the skin or the stiffeners rendering it difficult to assess 
the applicability of the element test failure to a full-scale panel failure. However, it 
was strongly suspected that the adhesive bond was defective. 
7.2 Introduction 
To validate the applicability of the element test results to full-scale stiffened panels, 
two element configurations were chosen for full-scale panel manufacture and testing. 
The DIC was chosen as the primary method for characterisation of the strain field 
from the panel tests. The experimental results of these full-scale tests would t hen 
be compared to predicted results from corresponding finite element models and also 
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to the strain conditions that were seen during failure initiation in the corresponding 
element tests. Only two were selected due to the high cost, time and material 
expenditure associated in the manufacture of these panels. 
7.3 Configuration selection 
The first configuration selected was the modified benchmark (configuration B). This 
had the same layup and similar material properties as the EDAV"COS SFN5 panel 
that was studied in Section 3.2.1. The reason this was chosen as the first configu- 
ration was to obtain more information regarding the experimental strain field prior 
to failure for the benchmark panel. The second configuration chosen was configu- 
ration C, which had a more compliant skin and stiffener flanges (Table 7.1) than 
the first panel. It was hypothesised that failure initiation would occur in the skin 
if certain intralaminar conditions, characterised in the element tests, were reached 
(which had been similar for configurations B and C). Therefore, it was thought that 
keeping the material properties and the surface ply direction constant to encourage 
a similar failure initiation mechanism, would test this hypothesis. Because the ef- 
fect of changing the strain conditions near the stiffener tip that were of interest, the 
load carrying capacity of the stiffened panel was not optimised; the softer layup of 
configuration C was not expected to exceed the capacity of the benchmark due to 
the lower number of 0° plies. The more compliant stiffener flange layup was chosen 
to observe if this alleviated the strain concentrations that would be present at the 
stiffener tip. 
Configuration Material Adhesive Stacking sequence 
Stiffener Skin 
B AS4/8552 FM300-K +/-/03/90/03/-/+ [+/-/0/90]39 
C AS4/8552 FM300-K [+/-]2/0/90/0/[+/-]2 [[+/-]3/02/90; '+/-/0, 
Table 7.1: Details of the two stiffened panel configurations 
7.4 Specimen manufacture 
The nominal dimensions of the panels were chosen to be the same as the EDAVCOS 
SFN panels because the element tests in Chapter 5 had been based on this geometry. 
However, the stiffener geometry had to be modified slightly as the tooling available 
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to manufacture the stiffeners was not able to reproduce these dimensions. The 
nominal dimensions of the panels in this study are presented in Figure 7.1. 
3 4)rnm 
40mm 
450mm 480mm 
40 1.375mm 
(a) Panel 
ýJln_In 
(b) Stiffener 
Figure 7.1: Nominal panel and stiffener dimensions 
A similar manufacturing route to the element test specimens was followed; the skin 
and stiffeners were cured separately, followed by secondary bonding using a second 
cure. 
1. The skin laminates and stiffeners were laid up separately and cured following 
Hexcel's recommendations. 169 
The stiffener was manufactured following recommendations and tooling from 
the National Aerospace Laboratory (NLR) in Holland. This was laid up in 
five parts: Two laminates forming the top and bottom flange and the web on 
one side were formed into C sections, which were then placed back to back. 
The third part was a laminate forming the cap that was placed on the top 
flanges. Finally, two unidirectional layers were rolled up and placed in the two 
gaps left at the top and bottom of the joined C sections to form the noodle 
region. The laminate sizes used have been detailed in Figure 7.2. These were 
held together and cured using a stiffener mould kindly supplied by NLR in 
Holland. 
2. The laminates and stiffeners were then trimmed to size. The surfaces that 
were to be bonded were grit blasted and degreased. 
3. The adhesive film was cut to size and laid between skin and the stiffener flange. 
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which was then subjected to a final curing stage (175°C for 60 minutes) under 
vacuum and 20psi. 
4. The panel ends were machined flat and parallel to each other. These were then 
endpotted using Araldite CY219-5KG and DY219-5KG resin system which 
entailed an overnight room temperature cure. 
5. The end potted ends were machined a second time to make sure these were 
parallel top and bottom. 
6. Prior to testing, each panel was placed in the test machine and an aluminium 
shim was bonded to the top panel end using a mixture (1: 1) of araldite and 
slate (to increase the viscosity and stiffen the adhesive). A compressive load 
of lOkN was then applied to the panel and the shim left to cure overnight. 
This was to further ensure that the load application would be uniform across 
the panel. 
Assembly diagram for the stiffener 
Cap 
Cap: 
+/-/03/90/03/-/+ for benchmark 
[+/-]2/0/90 0, /[+/-]2 for configuration C 
500mm 4Omm 
C section: 
+/-/03/90/03/-/+ for benchmark 
[+/-J2/o 
100mm 
500mm 
Noodle region: One lamina, 0° 
500mm 
150mm 
Figure 7.2: Laminate sizes for the discrete parts of the stiffener 
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7.5 Testing details 
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The compression tests were carried out on an in-house, custom built worm wheel 
driven compression test machine with a working capacity of 2.5 MN, under dis- 
placement control loading in the 0° direction, parallel to the stiffeners. Two pairs 
of cameras for DIC image acquisition were set up to monitor the stiffener face of 
the panel; one pair captured the full panel (two stiffener bays and the three stiff- 
ener caps), designated as camera pair A, whilst another pair captured a smaller 
region which included the full width of the bay and part of the central stiffener 
flange, designated as camera pair B (Figure 7.3). This position was chosen as it 
had been predicted (Section 6.3.2.1) that this site was likely to meet the skin ini- 
tiation intralaminar peel and shear strain conditions observed in the element tests. 
Out-of-plane behaviour was visualised on the skin face using Moire interferometry, 
with a 400mm x 800mm perspex grating (with a line spacing of 0.5mrn) which 
was fixed 10mm from the skin face. Illumination from a collimated light source 
at approximately 45° to the panel surface was used to generate the fringes, which 
were observed with a digital video camera normal to the surface, from a distance 
of 1.5m (Figure 7.4). To correlate the measurement systems, a load display was 
placed in the viewing window of the video camera, and a multimeter with a display 
corresponding to the crosshead displacement was in the measurement window of the 
DIC cameras. The stiffened panels were also strain gauged (type FLA-10-11,10mm 
gauge length in the stiffener locations and type FLA-2-11,2mm gauge length in the 
bays, manufactured by Tokyo Sokki Kenkyujo Co. Ltd) to monitor load uniformity 
during loading (Figure 7.5). 
The panels were first loaded up to an applied strain of -1200µE to verify loading 
was uniform through the strain gauges that were attached to the stiffeners; this was 
below the applied strain at which buckling was anticipated to occur. When this was 
satisfactory, the panel was loaded to final failure at a loading rate of 0.5mm/min. 
DIC images were recorded at a constant rate of once every two seconds. 
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Local area captured 
vith DIC 
Figure 7.3: Localised measurement window set up for DIC image acquisition, camera 
pair B 
Stiffened panel (t&-in face) 
Grating (2 lines per mm ) 
Collimated light source 
Figure 7.4: Apparatus set up for Moire visualisation of the skin surface 
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(b) Skin side 
Figure 7.5: Strain gauge locations on stiffened panel 
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7.6 Test results 
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The results from the benchmark and configuration C panel tests have been sum- 
marised in Table 7.2. Buckling was deemed to have occurred when the strain gauges 
in bay 1 exhibited significant divergence. 
Applied Load (kN) Applied Strain (t¬) 
Configuration Buckle Failure Buckle Failure 
B 329 640 248.5 5768 
C 280 551 2100 5198 
Table 7.2: Compression test results 
7.6.1 Benchmark panel (configuration B) 
Prior to buckling, the strain gauges indicated loading was uniform throughout the 
benchmark panel and the load/applied strain response was linear (Figure 7.6). Buck- 
ling occurred at an applied strain of -2485µE as indicated by the bay strain gauges 
(SG4 and SG8) (Figure 7.7) and three half waves developed in each bay. The devel- 
opment of the buckle mode shape obtained from DIC has been presented in Figure 
7.8. The out-of-plane displacements (ö) from the DIC results were also extracted 
along the middle of the bay (parallel to 00 ply) and plotted in Figure 7.9; from 
this, a maximum out-of-plane displacement (5.89mm) was found to be located in 
the middle antinode of bay 2 (defined in Figure 7.5a). There was little variation 
in the out-of-plane displacements between the corresponding antinodes of the two 
bays and it was seen that the out-of-plane displacements at the bottom of the panel 
were slightly smaller in magnitude compared to the displacements in the top and 
the middle antinodes. 
Final failure occurred at an applied strain of -5768u¬ when stiffener debonding and 
compression failure of the stiffeners and skin had occurred (Figure 7.10). Just before 
final failure, the Moire captured the beginning of a mode switch into four half Nvaves 
which could be seen at the bottom of bay 1 in Figure 7.11. 
The local strain field in bay 2 near the stiffener tip was captured using DIC and the 
strains in the local material orientation have been displayed in Figure 7.12. These 
indicated that the highest strain concentrations were around the stiffener tip region. 
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Figure 7.6: Load versus (negative) applied strain for the stiffened panel tests 
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Figure 7.7: Bay strain gauge results versus (negative) applied strain (see Figure 7.5 
for gauge positions) 
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[mm] 
B 6.5 
4.5 
3.0 
1.5 
0.0 
1.5 
3.0 
4.5 
1-6.5 
Figure 7.8: DIC results: Out-of-plane displacements (bz) for benchmark panel, 
viewed from the stiffener side (bay 2 is on the left, bay 1 is on the right): Note 
that the surface of the two bays and the top of the three stiffener caps have been 
captured. 
(b) -246. µt (buckling) (a) -i75µ¬ 
(c) -4000µE 
(d) -5768µE (failure) 
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Figure 7.9: DIC results: Out-of-plane displacements (b, z) extracted from the middle 
of the bays at prior to failure 
Figure 7.10: Benchmark panel, post failure, exhibiting stiffener debonding and com- 
pression failure in the skin and stiffener 
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Figure 7.11: Moire image for benchmark panel just prior to final failure 
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Figure 7.12: DIC results, benchmark panel: Local strain field oriented in the top 
ply direction (+45°), where 1 is in the direction of the fibres. Note that DIC images 
have been rotated 900 due to the camera setup. Higher strain concentrations near 
the stiffener tip have been circled. 
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7.6.2 Configuration C panel 
2(-)'-) 
The second panel tested was configuration C, which contained a softer skin and 
flange layup. 
The load/applied strain response (Figure 7.6) was linear prior to buckling and a 
more compliant behaviour compared to configuration B was observed. During the 
initial loading, it was noted that there «-as a slight offset of 200µE between the 
applied strains recorded on the stiffener strain gauges on the skin and stiffener side, 
i. e. there was an uneven loading across the thickness of the panel (Figure 7.13). 
However, this was seen to be a constant offset and the value was considered small 
enough to continue with the test. It was thought that the noise in strain gauge SCE i 
after buckling had occurred was due to poor bonding between the strain gauge and 
the stiffener. 
Compared to the benchmark, buckling occurred at a slightly lower applied strain 
of -2100, uc and a larger bending strain at the antinode in this configuration was 
seen (Figure 7.14). The peak bending strain (measured by taking the difference of 
the front and back strain gauges at a given location) for this panel should be higher 
than that recorded by the strain gauges as the location of the strain gauge was not 
actually on the area of with the highest deformation. The buckling behaviour was 
slightly different in this case and was not symmetric as three half waves had formed 
in bay 2, but almost four half waves were seen in bay 1 (Figure 7.15). The largest 
out-of-plane displacement (6.4mm) was observed in the middle antinode of bay 2 
(Figure 7.9). It can be seen that the extra half wave that occurred on the top of 
bay 1 had a smaller displacement than the other antinodes (troughs) (2.45mm as 
compared to about 4.8mm). The peak displacements in bay 1 (three half waves) 
were also smaller in magnitude compared to the peak displacements in bay 2 (four 
half waves). 
Final failure for this panel occurred at an applied strain of -5200µE; this also failed 
through stiffener debonding and compression failure of the stiffeners and skin. 
Figure 7.16 shows the DIC results for the strain field in this panel, which were 
found to be higher than that in the benchmark configuration, with similar strain 
concentration locations near the stiffener tips. These strain concentrations seemed 
more diffuse with high intralaminar strains (622 in particular) encountered in the 
skin slightly further away from the stiffener tip. 
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Figure 7.13: Stiffener strain gauge results for configuration C 
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Figure 7.14: Bending strains from strain gauges located in bay 1 for both panels 
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Figure 7.15: DIC results: Out-of-plane displacements 
(bz) for configuration C panel 
viewed from the stiffener face (bay 1 is on the right, 
bay 2 is on the left) 
(c) -4000µE 
(a) -775µE 
(b) -2100µE (buckling) 
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7.6.3 Comparison between experimental and predicted re- 
sults 
The FE models used in this section were similar to those previously used in Chapter 
3, and details of the models can be found in Section 3.2.2.1. 
7.6.3.1 Benchmark configuration 
In the benchmark panel, buckling was predicted to occur at an applied strain of 
-2600pc in the form of three half waves in each bay, which was slightly higher 
than the applied strain of -2485pc observed experimentally. The predicted load 
versus applied strain response was stiffer in the FE model, however the predicted 
out-of-plane displacements in the middle of both bays were almost identical to those 
measured using DIC (Figure 7.17). The in-plane strains in the local material ori- 
entation (+45°) were also extracted in the same location and compared to the FE 
results, which showed good agreement between the in-plane direct strains (f11 and 
622 - Figures 7.18a and b), but less so for the intralaminar shear strain 
('y12 - Figure 
7.18c). 
b -Bay 1 
'ý - Bay 2 
E-- FE bay i 
E ý" --- FEbay2 
i 
a) 2 Eý 
ca ' 
0 
° 100 1 200 0: 
300 4n 500 
a' 
o 
-6 Distance from top of panel (mm) 
Figure 7.17: Out-of-plane displacements extracted at the centre of the bays for DIC 
results and FE prediction 
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Contour plots of the intralaminar peel and shear strains (E22 and ')12) Were extracted 
just prior to failure and these were compared to those measured using DIC. The 
DIC results for the intralaminar peel strain (622) were found to correspond very 
well with the predicted results (Figure 7.19) whilst the intralaminar shear strain 
("Y1 2) behaviour was represented but there were some areas, particularly in bay 2, 
where the DIC had observed higher shear strains near the central stiffener tip than 
were predicted (Figure 7.20). Due to the viewing angles of the two cameras and 
the presence of the stiffeners, it was not possible to obtain information close to the 
stiffener tips from these images. 
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Figure 7.19: Intralaminar peel (E22) strain field in the +45° ply extracted at -5768µE 
(failure) on the benchmark panel 
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Figure 7.20: Intralaminar shear ('y12) strain field in the +45° ply extracted at 
-5768uc (failure) on the benchmark panel 
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Strains were also extracted from the pair of cameras that monitored part of bay 2 
(Figure 7.16). Figure 7.21 shows the intralaminar peel and shear strains (E22 and 
'-y12) that were extracted 2mm from the stiffener tip and these were compared to the 
corresponding strains predicted in the FE model: these were also in good agreement 
with the FEM. 
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Figure 7.21: Intralaminar peel and shear strain (E22 and "y12) extracted 2mm from 
stiffener tip at -5768µE (failure) on the benchmark panel from DIC and FE predic- 
tion 
In Chapter 5, the intralaminar strains in the skin (2mm from the stiffener tip) in 
the elements had been extracted at failure initiation, and the combined intralaminar 
peel and shear conditions had been found to match the conditions found in the 
SFN5 panels near the antinodes, where ply cracking had been observed. The same 
approach was taken for the benchmark panel, where the intralaminar peel and shear 
strains in the skin (622 and 'y12) were extracted 2mm from the stiffener tip in all six 
locations (both edges of each stiffener). The conditions at initiation in the bending 
tests were 0.39% for the intralaminar peel and 0.96% for the intralaminar shear. 
Extracting results from the FE model at the top ply of the skin near the stiffener 
tips indicated that there was nowhere along the stiffeners which had simultaneously 
met both these initiation conditions from the element tests. 
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7.6.3.2 Configuration C 
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Buckling was predicted to occur at an applied strain of -2844pe, also in the form 
of three half waves in each bay. Experimentally, buckling occurred earlier, at an 
applied strain -2100, E and formed three half waves in bay 1, but four half waves 
in bay 2. As a result of this discrepancy, no comparison in terms of the strains and 
displacements encountered experimentally were made to the FE model as it was felt 
that the comparisons made for the benchmark configuration had validated the use 
of the DIC for strain extraction. 
The panel region that was captured by camera pair B was in the area where the 
element intralaminar strain conditions at failure initiation would first be seen; this 
site contained the largest buckle crest. Extracting the intralaminar strain conditions 
from the DIC results also indicated that both these strain conditions had not been 
simultaneously met at any point (0.39% for the intralaminar peel and 0.96% for the 
intralaminar shear), and therefore initiation via ply cracking was not expected to 
have occurred (Figure 7.22). 
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Figure 7.22: Intralaminar peel and shear strain 
(E22 and 'y12) extracted 2mm from 
stiffener tip at -5200, u¬ (failure) for both panels from DIC results, camera pair 
B 
7. FULL-SCALE STIFFENED PANEL TESTS 218 
7.6.4 Post-failure analysis 
When the adhesive surface in both panels was observed under greater magnification, 
it was found to contain many voids which suggested that it was defective (Figure 
7.23). However, failure had still occurred within the adhesive under shear dominated 
conditions, which had left many cusps. These were used to deduce the directions of 
shear on the fracture surfaces. 
8mm 
Voids 
Figure 7.23: Image of the fracture surface of the adhesive with many voids. Such 
morphology was consistent throughout the skin/stiffener interfaces in both panels. 
The failure surface were studied using optical microscopy, and the shear directions in 
the adhesive were obtained (Figures 7.24a and b). The out-of-plane displacements 
(b, 
z) just prior to final 
failure have also been superposed on the fracture surfaces (skin 
face) in Figure 7.25. Sites where the shear directions have reversed and matched 
the panel buckling indicate that the geometry of the panel was in a buckled state 
during failure, which consequently meant that failure in this region could have been 
an early event (previously discussed in Section 3.2.1); these areas were marked by 
red circles in Figures 7.24 and 7.25. 
7.6.4.1 Benchmark panel 
Upon dissection of the failed benchmark panel, it was seen that a defect had been 
introduced into the interface on one of the outer stiffeners during manufacture, in 
the form of a small portion of tape (seen in Figure 7.24a). 
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Figure 7.24: Summary of shear directions in the adhesive. Sites of discontinuity in 
the shear direction changes have been marked (red circles) 
(b) Configuration C panel 
Figure 7.25: Post-failure analysis of the panels: Superposition of out-of-plane dis- 
placements on potential areas of failure initiation 
Due to the continuity of the adhesive fracture across the area of skin and stiffener 
compression failure (i. e. the failure in the adhesive had not been affected by the 
presence of the compression failure), it was deduced that skin/stiffener debonding 
had occurred in this panel within the adhesive prior to the compression failure in 
the skin and the stiffeners (Figure 7.10). Failure had initiated in the adhesive at 
(b) Configuration C panel 
(a) Benchmark panel 
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the stiffener tips, potentially at the areas circled in red in Figure 7.24; an example 
of such a site has been shown in Figure 7.26. In this area, there was evidence that 
the matching fracture surface (in this case, the stiffener flange) had displaced in the 
lateral (y) direction at failure. When damage had reached the stiffener centreline, 
the direction of shear had reoriented in the longitudinal (x) direction. 
Stiffener tip 
40mm 
00 
". _-*Z -. r 
Figure 7.26: Image of a potential initiation site in the adhesive (benchmark panel) 
Very few ply cracks were observed at the stiffener tip, and the few that were seen 
originated from the stiffener web. These had all occurred after initiation in the 
adhesive. 
The skin compression failure had occurred after the skin and the stiffeners had 
separated; this initiated from the outside stiffener and grew towards the middle 
stiffener. Delamination in the skin had also occurred around this area. 
There were a number of initiation sites along each stiffener, which made it difficult to 
deduce the failure sequence as these seemed to have been in the buckled configuration 
when failure had occurred. From Figure 7.25a, a high proportion of the initiation 
sites were located close to the antinodes of the buckled panel, and at the bottom of 
the panels, near the end potted region. 
7.6.4.2 Configuration C panel 
Configuration C had also failed through stiffener debonding, which had subsequently 
led to compression failure in the stiffeners. This had failed in very much the same 
way as the benchmark configuration (Section 7.6.4.1), although there were fewer 
initiation sites as the shear directions were mostly continuous along the stiffener 
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length with less areas exhibiting transverse shear directions (Figure . 24b). The 
adhesive failure also exhibited a higher degree of longitudinal shear in comparison 
to the benchmark. As can be seen in Figure 7.24, each stiffener had one area 
where the shear direction had reversed, which indicated failure had initiated at 
these sites and then propagated throughout the rest of the stiffener. For the outer- 
stiffeners, these were located halfway between the top node and antinode. whereas 
the middle stiffener may have initiated failure near the end potted region. Very 
little ply cracking was observed in this panel and that , A-hich was observed all had 
occurred after initiation in the adhesive. 
7.6.5 Comparison between the benchmark and the EDAVCOS 
panel 
The benchmark panel was designed to be as similar to the EDAVCOS SFN5 panel 
specifications as possible. The same stacking sequences in both the stiffeners and 
skin were used and the material used was AS4/8552 which had similar properties to 
the HTA/6376 used in the SFN5 panel (Table 5.5). The adhesive was also changed, 
with a slightly stronger but less ductile adhesive was used at the skin/stiffener inter- 
face in this study. The dimensions were intended to be the same, but the stiffener 
moulding that was used did not allow a cap wider than 40mm to be manufactured, 
resulting in a narrower cap on the stiffeners. As the geometry and stiffnesses of 
both configurations were similar, the buckling modes and the critical applied strain 
were predicted to be similar. Experimental observations suggested this was the case, 
with the benchmark panel buckling at an applied strain of -2485µE and the SFN5 
panel buckling at an applied strain of -2800µE. 1' When a buckling analysis was 
performed for the benchmark panel with the original SFN5 geometry, buckling was 
predicted to be -2900µE, which was similar to that encountered experimentally in 
the EDAVCOS studies. 
Final failure for the benchmark panel occurred at a lower applied strain (-5768uE) 
than in the SFN5 panel (-6261/. c¬) and the benchmark was seen to be beginning a 
buckle mode switch into four half waves in one bay. Fractographic studies of both 
panels yielded reasons to why the benchmark had failed at a lower applied strain. 
The initiation event in the SFN5 panel was seen to be ply cracking which had led to 
failure in the adhesive predominantly under longitudinal shear. In the benchmark 
panel, failure was seen to initiate directly in the adhesive, growing innards in the 
lateral (y) direction from the stiffener tip and propagating along the length of the 
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panel under shear dominated loading in the longitudinal (x) direction. The mode of 
failure in the benchmark panel was mainly cohesive failure (i. e. within the adhesive) 
whereas in the SFN5 panel, the propagation in the adhesive was largely adhesive 
failure (i. e. between the composite and the adhesive). The adhesive in the bench- 
mark panel was also found to contain many voids which was likely to have been the 
main cause of the adhesive failure. 
7.6.6 Comparison between the benchmark and configura- 
tion C panels 
Configuration C was designed to have a more compliant skin and stiffener flange/cap 
compared to the benchmark layup. The geometries of both panels were identical, 
as were the material (AS4/8552) and adhesive (FM300-K) used. Experimentally, 
configuration C had not buckled as predicted as the mode shape was different and 
buckling had occurred at a lower applied strain. The applied strain at final failure 
was lower than that of the benchmark panel (-5200µE for configuration C, -5768µE 
for the benchmark) and displacements and strains in the skin at failure were higher 
in configuration C. The strains measured by DIC in bay 2 were higher than those 
seen at failure in the benchmark panel, and the combination of intralaminar peel 
and shear strains at initiation (from the element tests) were not present to cause 
ply cracking in this panel either. Fractographically, failure had similarly initiated 
within the adhesive, though less potential initiation sites were observed. Failure 
propagation was also under a higher longitudinal shear loading than the benchmark 
panel. 
7.7 Discussion 
7.7.1 Benchmark Panel 
The predicted buckling strain and the load-applied strain behaviour from the finite 
element model of the benchmark panel was slightly higher and stiffer than that seen 
experimentally. The final panel sizes also differed slightly to the nominal dimensions 
used in the buckling analysis; there were also slight variations within the measured 
entities. As buckling is sensitive to geometry and stiffness, any geometric and ma- 
terial variations in the form of misaligned ply orientations, imperfections (seen with 
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the tape left in the interface) and material property variations (such as the degraded 
adhesive) could affect the buckling performance of the panel, lowering the buckling 
strain. These could also have an effect on the predicted strains at the stiffener tip 
which were used to compare to the critical conditions hypothesised from the element 
test results. The boundary conditions of the end potting were also not identically 
reproduced in the model; it was assumed that one end was clamped whilst a verti- 
cal loading was applied on the other end, which could also have contributed to the 
discrepancy between theoretical prediction and experimental observation. Despite 
these factors, the experimental mode shape was as predicted, and the displacements 
and strains (in the material orientation) between the two were very similar. The 
comparisons that had been made between experimental observations and predicted 
behaviour verified the reliability of the DIC measurement system used to obtain 
displacements and strains from the panel surface. 
When the failure surface of the benchmark panel was studied, it was found that fail- 
ure had initiated and propagated almost exclusively in the adhesive interface, which 
was observed to contain many voids. This was very different to the EDA\'C'OS 
SFN5 panel, which had almost identical geometry and material properties (Table 
5.5). SFN5 had failed through ply cracking in the skin and the stiffener followed by 
propagation in the top ply interfaces of the skin and stiffener as well as cohesively 
through the adhesive interface. This difference in failure morphology was attributed 
to the weakened adhesive in the benchmark panel. Furthermore, based on the ele- 
ment test results, the strains observed in the skin and stiffener were not high enough 
to initiate failure, which is why ply cracking had not occurred. As failure will always 
follow the weakest path in a structure/material, the observed damage propagation 
within the adhesive indicated that this was indeed defective. Therefore the critical 
conditions to initiate adhesive failure had been met prior to the critical conditions 
to initiate ply cracking in the composite. Since the material properties between the 
HTA/6376 and AS4/8552 were similar, this indicates that the skin/stiffener inter- 
face properties can be a key influence in failure of a stiffened panel. Not only was 
the failure morphology different, but the benchmark panel had also failed at a lower 
applied strain. Extending this argument, if a high strength and tough adhesive were 
to be used at the skin/stiffener interface of the benchmark, failure would have oc- 
curred predominantly within the laminate (ply cracking) rather than the adhesive. 
Consequently, this may not have increased the load carrying capacity of this stiff- 
ened panel further than that seen in the EDAVCOS SFN5. To further enhance panel 
performance a different strengthening route would have to be considered. perhaps 
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the introduction of through thickness reinforcement such as z-pinning and stitching. 
Matrix toughening could also be considered, as the failure mechanisms seem highly 
dependent on the matrix properties. 
Extracting the strains in the skin close to the stiffener tip revealed that the intralam- 
inar peel (E22) and shear ('y12) strains in the benchmark panel were still below the 
intralaminar strain conditions which were present in the skin during failure initiation 
of the corresponding element bending tests (configuration B). Although this experi- 
ment did not disprove the hypothesis that the element tests could predict initiation 
of failure in a stiffened panel, it did not verify it either since the panel had failed 
cohesively in the adhesive. There were slight discrepancies between the FE and the 
DIC results when extracting the intralaminar strains close to the stiffener tip; the 
DIC had slightly lower measurements. It was thought that the geometry of the 
flange tip, particularly the presence an adhesive fillet, may have affected the local 
strain concentrations in this region, and were not accounted for in the FE model. 
This would mean that the predicted strains were conservative, since they had been 
developed for sharp 90° geometric discontinuity at the flange tip. Alternatively, this 
discrepancy may also have been due to some errors or noise in the DIC measurement 
which had been studied in Chapter 4. However, steps had been taken to mitigate 
these as much as possible. 
One important outcome of this study has been that comparing experimental and 
predicted strains has demonstrated that the DIC had the potential to verify the 
local strain conditions experimentally, and that a similar approach could be used in 
future tests. 
7.7.2 Configuration C Panel 
The buckling behaviour of the Configuration C panel was different to that predicted, 
regarding applied strain at buckling and the buckling geometry. 
Buckling occurred 
at a lower applied strain than predicted, and was also lower than in the 
benchmark 
panel; it had been predicted that configuration C would buckle at a 
higher applied 
strain. In one bay, the panel behaved as predicted, forming three 
half waves, in the 
other, four half waves formed but the half wave at the top did not 
develop as fully 
as the other three antinodes. The out-of-plane displacement of this extra antinode 
was half that of the other corresponding antinodes. This may 
have been attributed 
to loading eccentricities that had been applied to the panel. Some eccentricities 
had been noted in the test loadings to -1200µE, where there was a 
divergence 
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in the strain gauges on the skin and stiffener faces of the panel As buckling is 
sensitive to variations in geometries and stiffnesses. if this panel had been loaded 
eccentrically, this was likely to manifest as a lower buckling strain as the panel would 
effectively be softer than predicted. The buckling mode shapes that a panel forms 
is a geometric configuration that has the lowest potential energy for a given loading. 
and the formation of the extra antinode could have also been a consequence of the 
loading. 
When configuration C was tested to final failure, it was observed that the out- 
of-plane displacements and strains were higher than that seen in the benchmark. 
From a fractographic perspective, there was also a higher degree of shear seen in 
the adhesive compared to the benchmark configuration. The larger out-of-plane 
deflections observed in this panel were attributed to the soft stacking sequence of 
the skin and the stiffener flange in comparison to the benchmark stacking sequence. 
These higher deflections could subsequently have led to the higher shear strains in 
the adhesive interface of configuration C. 
From the fractographic analysis, the initiation and propagation mechanisms seemed 
to follow the same processes as those seen in the benchmark panels, which was mainly 
within the adhesive; previously attributed to the weakened adhesive. There were a 
smaller number of initiation sites however, only one potential initiation site for each 
stiffener was seen in configuration C. It was thought that as soon as initiation had 
occurred in configuration C, there was a larger amount of energy present from the 
larger deformations to propagate damage from these regions. 
Furthermore, no ply cracking was observed in configuration C either, which sug- 
gested that the critical skin conditions to initiate failure via ply cracking were not 
present. When the strains at the stiffener tip in the middle of bay 2 were extracted 
from the DIC data, it was observed that the strains had not reached the initiation 
conditions seen in the element tests, even though these were higher than those seen 
in the benchmark panel at failure initiation. Because failure in the adhesive had 
occurred prior to any ply cracking, the proposed hypothesis and the effect of having 
a more compliant flange and skin on the failure initiation could not unfortunately 
be tested. 
7. FULL-SCALE STIFFENED PANEL TESTS 
7.8 Summary 
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It was thought that both panels had failed prematurely and this was attributed to 
the weakened adhesive interface. Unfortunately, this meant the proposed design 
methodology of using a bending test element to predict the initiation conditions in 
the skin in the form of ply cracking could not be verified. However, it was seen 
that this still had the potential to be a representative test as the element initiation 
conditions in both panels were not reached when failure had occurred. 
The DIC has proven to be an effective tool to obtain even very local strains at and 
near the stiffener tip in the skin surface. As the surface strains were of interest in 
this study, the DIC should have been able to measure these strains at failure if they 
had occurred in the skin, since agreement with the FE predictions in the benchmark 
was good (Chapter 4). An improvement would be to increase the frequency at which 
images were taken, particularly close to failure to better monitor the rapid changes 
in the strain fields. 
The importance of the skin/stiffener interface was highlighted when the failure be- 
haviour of the benchmark panel was compared to the EDAVCOS SFN5 panel. The 
relative failure strengths of the laminates and the adhesive seemed to influence how 
the panel would fail; skin/stiffener debonding was still the key failure mechanism, 
but a higher load carrying capacity would perhaps have been reached if failure was 
through initiation in the laminate rather than the adhesive. 
A further conclusion from the different failure behaviour of the stiffened panels 
compared to the EDAVCOS SFN5 panel can also be drawn. It is now evident that 
skin/stiffener debonding can take place through different failure mechanisms; in 
this case, adhesive failure. If this was the expected failure mechanism in a stiffened 
panel, then the use of the bending tests may not be valid as these initiated failure 
via ply cracking. In this case, the application of the six-point155 or seven-point131,152 
bending test could then be applied to characterise failure as these had failed through 
the adhesive. 
CHAPTER 8 
CONCLUSIONS 
8.1 Summary 
The objective of the research reported here was to enhance the understanding of 
post-buckled CFRP stiffened panel failure. Firstly, a review of the literature was 
conducted to assess the status of research in this area. This had highlighted the 
lack understanding of the failure mechanisms encountered in stiffened panels. these 
should be the basis of any modelling or representative element tests. This was 
considered to be the primary issue to be addressed. Failure characterisation of a 
stiffened panel was then carried out in Chapter 3. This resulted in justifying the use 
of the three and four point bending and lateral tension tests to further investigate the 
effect various parameters had on failure initiation, which was reported in Chapter 
5. Prior to conducting the element tests, a study was carried out to assess the 
accuracy and reliability of the Digital Image Correlation technique (Chapter 4). This 
technique was subsequently used in the experimental tests as a tool to characterise 
the full field strains in loaded specimens. Chapter 6 linked the element tests with 
stiffened panel behaviour and inferred potential effects in full-scale stiffened panels 
from the findings of the representative tests. A methodology for predicting failure 
in a post-buckled stiffened panel via ply cracking was proposed. This was assessed 
in Chapter 7, where two design variations of a full-scale stiffened panel were tested. 
These did not fail as expected, which was partly attributed to a defective adhesive. 
The proposed methodology could not be verified but nor could it be discarded. 
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The main findings from the work presented were: 
" Ply cracking was the initiation event in the failure of a post-buckled stiffened 
panel with a +45° oriented ply nearest the skin/stiffener interface. This was 
the mechanism by which fracture progressed into the skin/stiffener interface. 
Subsequent delamination growth in the adhesive and in the first interface in the 
skin and the stiffener occurred under shear oriented in the stiffener direction. 
culminating in skin/stiffener separation and final failure. This verified the 
failure process proposed by Greenhalgh and Loader145 
" Attempts to discern the stress conditions that had initiated failure through 
the use of simple failure criteria widely used in industry were not successful. 
It was evident that failure mechanisms should be considered when predicting 
failure. 
" The use of bending tests as a representative element for failure initiation at 
the antinodes in a post-buckled stiffened panel was justified. A methodology 
to predict failure initiation in stiffened panels using these bending tests was 
proposed. 
9 Parametric variations on the element tests were carried out. This highlighted 
certain key influences on the failure behaviour in the element tests: 
1. The configuration of the skin/stiffener interface seemed to play a pivotal 
role in determining the stability and fracture propagation. 
2. Cocuring gave the largest reduction in applied strain at failure initiation. 
It was seen that the key initiation mechanism in the stiffened panels (ply 
cracking) had occurred prolifically in this configuration. 
3. The orientation of the top ply had the largest effect on the failure progres- 
sion. In the element tests, the 900 ply promoted unstable delamination 
to the specimen midspan, as the fibres were oriented in the preferential 
growth direction. 
4. Using a 0° surface ply did not suppress the formation of ply cracks in the 
second +45° ply, nor did it affect the overall failure progression. 
5. A softer flange influenced the strain conditions seen in the skin, but with 
the configurations tested, did not influence overall failure behaviour. 
6. The inclusion of defects lowered the applied strain at failure initiation, 
and promoted a higher degree of adhesive failure compared to pristine 
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configurations. 
7. Changing the fibre type did not influence failure behaviour as this was 
largely controlled by matrix properties 
8. The effect of specimen width on the applied strain and the intralaminar 
skin strains was not conclusive, although it seemed that there was no 
significant effect. 
" DIC was successfully applied to composite fracture testing to extract the local 
strain fields. 
" Regarding the element tests, DIC was a useful tool to obtain the qualitative 
behaviour of loaded elements. However, extracting the quantitative strain 
results had to be done with care as a large amount of scatter was encountered, 
and the results were sensitive to the extraction method used. This was mainly 
attributed to the large variations in the strain field of the specimen, which was 
a layered composite with an adhesive interface that required a high resolution 
to fully characterise the strain field accurately. 
" Good correlation between the DIC and the predicted FE results were seen 
in the stiffened panel, even at the stiffener tip, where some discrepancy was 
expected due to the presence of the stiffener. In this case, the quantitative 
results of the strain field from the DIC were successfully extracted. 
" Full-scale panel tests for two configurations had not failed as expected through 
ply cracking, but by cohesive failure in the adhesive. Although this did not 
verify the proposed methodology for failure initiation, this did not discount it 
either. 
" The failure of the full-scale panels further highlighted the importance of the 
skin/stiffener interface that had been seen in the element tests, as it was 
thought the defective adhesive had changed the failure mode of the panel. As 
final failure had occurred at a lower applied strain than a similar panel that 
was studied in Chapter 3, it was postulated that a panel with failure in the 
skin and stiffener would have a higher load carrying capacity to one that failed 
in the adhesive. 
With respect to the original aims stated in Chapter 1, it was felt that these were 
successfully achieved. 
" Characterisation of the actual failure process of a postbuckled composite stiff- 
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ened panel was accomplished. 
" The validity of current experimental methods for representing the failure (d 
stiffened panels was explored with the three and four point bending as well as 
the lateral tension test. A link was established between the initiation strains 
in the top ply of the skin from the bending tests to the stiffened panel. 
" Parameters that could influence stiffened panel performance were studied us- 
ing the element tests and from this methods for design improvements were 
proposed. 
" An industry-friendly design methodology for stiffened panels was proposed. 
although has yet to be proven. 
Although these particular aims were met, there is still the need to further develop 
the work presented in this thesis. 
8.2 Recommendations for future work 
In this work, the failure analysis of one panel geometry was reported. For a more 
generic understanding of the physical failure mechanisms seen in stiffened panels, it 
is recommended that fractographic analysis be carried out on other panel configura- 
tions and to catalogue the failure progressions observed. In particular, it would be 
of interest to see what effect having a different ply orientation nearest the skin stiff- 
ener interface would have, and if this corresponds to the effects that were seen in the 
bending tests (Section 6.5.2). The difference in failure mechanisms (if any) of using 
a different skin/stiffener interfaces, e. g. cocured stiffeners, should also be studied 
as this was observed to have a large effect on the element behaviour. Current re- 
search in the open literature has not yet concentrated on this aspect of skin/stiffener 
debonding. 
Failure analysis should also be extended from pristine panels to panels with damage, 
such as that induced by impact. There has been some work conducted on this, ", 5s, gas 
however as damage was not within the scope of the work presented here, the state 
of research in this area is not known in detail. It seems that failure in pristine 
panels should be understood before a comprehensive characterisation of failure in a 
damaged panel can be fully utilised to improve damage resistance and tolerance of 
stiffened panels. 
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Further development of the methods used to characterise the damage initiation and 
propagation in element tests could also be done. Regarding experimental strain field 
measurement using the DIC, a better resolution should be used. In the tests con- 
ducted, the measurement window used was approaching the limits of the equipment, 
which sometimes contributed to severe problems with accuracy. Some suggested im- 
provements for using this method would be: 
" Set up a measurement window on the top surface of the skin, on one side of the 
stiffener tip. This may be able to provide an experimental strain field at the 
stiffener tip, similar to that produced in the full-scale panel tests in Chapter 7. 
A variation of this had been done in this work but the measurement window 
focused on the whole of the stiffener and the local skin variations were too 
small to be detected at the low resolution used. Because failure can occur at 
either end of the flange, enough specimens should be tested for this set up. 
" Set up the DIC to measure failure on the opposite side of the stiffener. In the 
work conducted here, the side where ply cracking occurred had been focused 
upon. Monitoring the adhesive failure may provide details as to whether initi- 
ation within this area occurred prior, during or after the formation of the ply 
crack. This result may consequently affect the definition of `failure initiation' 
used. 
" Use a higher image capture frequency, especially just prior to failure initiation. 
If a change in strain conditions can be detected during damage initiation, a 
different methodology could be used to extract information; perhaps using an 
approach akin to the crack opening displacement to characterise failure. The 
advantage with this would be that the DIC is more accurate when extracting 
displacements rather than obtaining surface strains. 
A more detailed FE model should also be developed. The one used in this work 
did not include failure. As the failure mechanisms in the element tests have been 
characterised, damage could now be included in such an FE model. This could 
take the form of including cohesive elements to simulate ply cracking to start with, 
and then extended to model the delamination in both the adhesive and the top ply 
interface. 
In this work, only the three and four point bending and lateral tension tests were in- 
vestigated. There are other tests which could potentially be representative of failure 
in a stiffened panel and may benefit from further stud- using a similar approach. 
One such example is the four point asymmetric test that was recently developed by 
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Furthermore, an element test could also be developed to investigate the failure 
conditions at a node line of the post-buckled panel, as the bending tests focus on 
conditions at the antinodes. Shear forces are highest at the node lines due to the 
twisting moment (Mxy) being a maximum at this point. One proposal for this could 
be similar to the loading condition applied in the Edge Cracked Torsion (ECT) test 
for mode III, 17? but applied to a stiffened element. 
Verification of proposed methodology still needs to be carried out. This could be 
done using same set up as reported in Chapter 7, with a slight modification of 
increasing the frequency at which the DIC images were taken. Upon verification, a 
more formal procedure can be set up to apply the findings from the element tests 
to predict stiffened panel failure. This would entail: 
1. Determining the failure conditions from the three or four point bend tests in 
terms of the intralaminar peel and shear strains in the top ply of the skin. This 
would be from a combination of experimental and numerical analyses and two 
values would be obtained, 6^22 and 712. 
2. Run a numerical simulation for the stiffened panel, outputting the peel and 
shear strains 622 and ry12) in the top ply for the whole model at constant 
intervals during loading. 
3. For each loading state, do a logic test for the peel and shear strain to see if 
these both exceed the values determined in the element tests. If ¬22 > E22 
and E12 > 612, then failure has occurred. The coordinates of this point can be 
identified and the point of predicted failure located on the panel. 
If the proposed methodology does predict failure initiation in the corresponding areas 
(near the buckle crests) of the stiffened panel to that indicated by the bending tests, 
this approach could then be extended to different stiffened panel configurations. 
This methodology, or a variation of it, could also be extended to different tests if a 
similar link is observed. 
8.3 Novel aspects of the work 
The key novel aspect of the work presented was the experimentally based approach 
taken to characterise failure and then to discern critical strain conditions which 
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contributed to the damage formation. In particular, a ply cracking mechanism was 
focused upon. Previous research"'-"' has concentrated on delamination within the 
skin/stiffener interface, both experimentally and numerically. 
A link between failure initiation in the bending element tests and the full-scale 
stiffened panel was established. This was achieved through fractographic analysis 
of the element tests and the full-scale stiffened panel. complemented with numerical 
analysis of the strain conditions once the critical failure processes were identified. A 
physical based approach to panel failure is not often encountered in the literature; 
although some studies do incorporate observed mechanisms into their evaluations 
of stiffened element failure. 92 However, it is felt that a more solid foundation upon 
which to build failure models, both conceptually and numerically, could be obtained 
through more detailed fractographic studies. 
Based on the link between the bending and stiffened panel tests, a methodology for 
predicting skin/stiffener failure initiation in the panel was proposed. 
The approach followed was kept principally experimental, which entailed the use of 
the DIC for full-field strain characterisation. Combined numerical and experimental 
approaches were utilised when the results from the DIC were not usable, but DIC 
was still a tool to aid experimental observation. DIC has not been used to study 
composite failure at this level of detail before. Layerwise variations in the strains of 
the element tests were detected experimentally with this technique. In the applica- 
tion of the DIC to the full-scale panel tests, it was found that the strain field was 
accurately captured. Previous use of this technique on stiffened panels has tended 
to concentrate on the displacement results for comparison to predictive models. 
8.4 Implications of this research 
There are considerable implications of the results obtained from the work conducted 
here for end users, industry and researchers. These are proposed and discussed 
below. 
The results of the work presented could potentially allow a more physically based 
approach to the design of stiffened panels. If element tests represent the strain 
conditions at which failure will initiate, this could be a low cost method of obtaining 
the experimental data for input into post-buckled stiffened panel design for industrial 
applications. This methodology is straightforward to apply as the test elements 
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are simple to manufacture; essentially consisting of two laminate plates bonded 
together. As the elements are relatively small, these could also be obtained from an 
existing panel. The numerical part of the methodology is relatively simple as well. 
as no damage needs to be included in the models. The established link between 
the element tests and post-buckled stiffened panel failure can also be used as a cost 
efficient method to partially validate damage and failure models of full-scale stiffened 
panels. 
This link also justifies using the element tests to study the effect of varying certain 
parameters and then extrapolating the behaviour to full-scale panels. As seen in 
this study, using the element tests with different interfaces highlighted the poten- 
tial decrease in performance of a cocured stiffened panel compared to one with an 
adhesive in the interface, and also gave an indication as to what failure mechanisms 
were present to cause this decrease. This is a simple and effective method to trial 
different configurations, and could be extended to investigating the potential effect 
on initiation of using external toughening methods such as stitching and z-pinning. 
This work has highlighted that there are more parameters that play a part in de- 
termining failure initiation than appear to have been considered in open literature. 
The potential effect of the skin/stiffener interface configuration is one. Preference is 
for cocuring is due to the cost-effectiveness of this particular manufacturing route, 
which may unfortunately be resulting in panels with lower load-carrying capacities 
than what is potentially achievable if an interface material such as an adhesive is 
included. 
Optimising for post-buckling usually consists of modifying the stacking sequence of 
the skin and the geometries of the skin and the stiffener. This concentrates on the 
global properties of the stiffened panel, but it has been seen that the orientation of 
the top ply can potentially have a large effect on the way a panel fails. This may be 
a significant design parameter that should be considered when deriving the stacking 
sequence for a panel. 
Finally, it is suggested when modelling failure in post-buckled stiffened panels that 
have a ±45° oriented top ply, failure initiation via ply cracking should be considered. 
The current approach is to model delamination growth initiating and propagating 
in the skin/stiffener interface. 
ýoýmon 
um 
BIBLIOGRAPHY 
[1] D. Middleton, Composite Materials in Aircraft Structures. Longman Scientific 
and Technical, 1990. 
[2] A. Jacob, "The popularity of carbon fibre, " Reinforced Plastics, pp. 22 - 24, 
March 2006. 
[3] L. Ye, L. Ye, Z. Su, and G. Meng, "Functionalized composite structures for new 
generation airframes: a review, " Composites Science and Technology, vol. 65, 
pp. 1436 - 1446,2005. 
[4] J. -P. Immarigeon, R. Holt, A. Koul, L. Zhao, W. \Vallace, and J. Beddoes, 
"Lightweight materials for aircraft applications, " Materials Characterization, 
vol. 35, pp. 41 -67,1995. 
[5] C. Bisagni and P. Cordisco, "Post-buckling and collapse experiments of stiff- 
ened composite cylindrical shells subjected to axial loading and torque, " Com- 
posite Structures, vol. 73, pp. 138-149,2006. 
[6] J. Lankford, "Compressive failure of fibre-reinforced composites: buckling, 
kinking, and the role of the interphase, " Journal of Materials Science, vol. 30. 
pp. 4343-4348,1995. 
[7] B. Garland, I. Beyerlein, and L. Schadler, "The development of compression 
damage zones in fibrous composites, " Composites Science and Technology, 
vol. 61, pp. 2461-2480,2001. 
[8] S. Narayanan and L. Schadler, "Mechanisms of kink-band formation in 
graphite/epoxy composites: a micromechanical experimental study, " 
Com- 
posites Science and Technology, vol. 59, pp. 2201-2213,1999. 
[9] P. Berbinau, C. Soutis, P. Goutas, and P. Curtis, "Effect of off-axis ply orienta- 
tion on 0 degree fibre microbuckling, " Composites: Part A, vol. 30, pp. 1197- 
1207,1999. 
235 
BIBLIOGRAPHY 
236 
[10] L. Drzal and M. Madhukar, "Fibre-matrix adhesion and its relationship 
to composite mechanical properties, " Journal of Material Sc'ence. vol. 2ý. 
pp. 569-610,1993. 
[11] H. Flower and C. Soutis, "Materials for airframes, " The Aeronautical Journal, 
p. 331,2003. 
[12] A. Brunner and P. Flueler, "Prospects in fracture mechanics of "engineering" 
laminates, " Engineering Fracture Mechanics, vol. 72, pp. 899 - 908,2005. 
[13] N. Oya and H. Hamada, "Mechanical properties and failure mechanisms of 
carbon fibre reinforced thermoplastic laminates, " Composites Part 
. 4, vol. 28A, 
pp. 823 - 832,1997. 
[14] E. Tuttle, Mark, Structural Analysis of Polymeric Composite Materials. NY: 
Marcel Dekker. 
[15] W. Yan, H. -Y. Liu, and Y. -W. Mai, "Mode II delamination toughness of z- 
pinned laminates, " Composites Science and Technology, vol. 64, pp. 1937 - 
1945,2004. 
[16] M. Charalambides, A. Kinloch, Y. Wang, and J. Williams, "On the analysis of 
mixed-mode failure, " International Journal of Fracture, vol. 54, pp. 269-291, 
1992. 
[17] S. Hashemi, A. Kinloch, and J. Williams, The Analysis of Interlaminar Frac- 
ture in Uniaxial Fibre-Polymer Composites, pp. 173-199. Proc. R. Soc. Lond. 
A 427,1990. 
[18] "ASTM D 5528 - 01 Standard test method for mode I interlaminar frac- 
ture toughness of unidirectional fiber-reinforced polymer matrix composites. " 
ASTM Standards, 2001. 
[19] "Determination of the mode II delamination resistance of unidirectional fiber- 
reinforced polymer laminates using the end loaded split specimen (ELS). " 
ESIS Version 95-11-10, October 1995. 
[20] R. Martin and B. Davidson, "Mode II fracture toughness evaluation using 
four point bend, end notched flexure test, " Plastics.. Rubber and CompositES. 
vol. 28, no. 8, pp. 401 - 406,1999. 
BIBLIOGRAPHY 237 
[21] G. Savage, "Enhancing the exploitation and efficiency of fibre-reinforced com- 
posite structures by improvement of interlaminar fracture toughness, " Engi- 
neering Failure Analysis, vol. 13, pp. 198 - 209,2006. 
[22] "ASTM D6671 - 01 Standard test method for mixed mode I-mode II inter- 
laminar fracture toughness of unidirectional fiber reinforced polymer matrix 
composites. " ASTM Standards, 2001. 
[23] R. Olsson, "Factors incluencing the interlaminar fracture toughness and its 
evaluation in composites. " FFA TN 1991-34,1991. 
[24] A. Brunner, "Experimental aspects of mode I and mode II fracture toughness 
testing of fibre-reinforced polymer-matrix composites, " Compute- Ilethods in 
Applied Mechanics and Engineering, vol. 185, pp. 161-172,2000. 
[25] A. Laksimi, M. Benzeggagh, G. Jing, M. Heccini, and J. Roelandt, -Mode I in- 
terlaminar fracture of symmetrical cross-ply composites, " Comopsites Science 
and Technology, vol. 41, pp. 147-164,1991. 
[26] A. Pereira and A. deMorais, "Mode I interlaminar fracture of carbon/epoxy 
multidirectional laminates, " Composites Science and Technology, vol. 64, 
pp. 2261-2270,2004. 
[27] P. Robinson and D. Song, "A modified DCB specimen for mode I testing of 
multidirectional laminates, " Composite Materials, vol. 26, no. 11, pp. 1554- 
1577,1992. 
[28] J. Reeder, An Evaluation of Mixed-Mode Delamination Failure Criteria. 
February 1992. 
[29] J. Hodgkinson, M. Kipping, and P. Robinson, "An investigation into the use 
of side delaminations in interlaminar fracture mechanics, " in 6th international 
conference on deformation and fracture of composites, (Manchester), pp. 133 
- 141,4 -5 April 2001. 
[30] L. McCartney, G. Schoeppner, and W. Becker, "Comparison of models for 
transverse ply cracks in composite laminates, " Composites Science and Tech- 
nology, vol. 60, pp. 2347 - 2359,2000. 
[31] G. Kelly and S. Hallstorm, "Strength and failure mechanisms of compos- 
ite laminates subject to localised transverse loading, " Compositf Strructurfs. 
vol. 69, pp. 301-314, July 2005. 
BIBLIOGRAPHY 
"ý, ýý 
[32] T. Hobbiebrunken, M. Hojo, T. Adachi, C. De Jong, and B. Fiedler. "E-a. lu, t- 
tion of interfacial strength in CF/epoxies using FEI and in-situ experiments. " 
Composites Part A, vol. 37, pp. 2248 - 2256,2006. 
[33] E. Greenhalgh, M. Hiley, and C. Meeks, Failure analg5i. s and fractography of 
polymer composites. Woodhead Publishing, 2009. 
[34] J. Renard and A. Thionnet, "Damage in composites: From physical mecha- 
nisms to modelling, " Composites Science and Technology, vol. 66, pp. 642-646, 
2006. 
[35] E. Greenhalgh, Characterisation of Mixed-Mode Delamination Growth in 
Carbon-Fibre Composites. PhD thesis, Imperial College of Science, Technologe 
and Medicine, London, U. K., August 1998. 
[36] E. Greenhalgh, "Evaluation of IM7/F3900 CFRP skin-stringer panels designed 
for damage tolerance (U) Damocles task 5 and 6 deliverable, " tech. rep., Au- 
gust 2002. 
[37] M. Kashtalyan and C. Soutis, "The effect of delaminations induced by t rans- 
verse cracks and splits on stiffness properties of composite laminates, " Compos- 
ites Part A: Applied Science and Manufacturing, vol. 31, pp. 10 71-119, Febru- 
ary 2000. 
[38] J. Noh and J. Whitcomb, "Prediction of delamination growth and open- 
ing near intersection oftransverse matrix cracks and delamination, " in 44th 
AIAA/ASME/ASCE/AHS Structures, Structural Dynamics, and Alaterials 
Conference (AIAA, ed. ), vol. 2003-1602,2003. 
[39] T. I. Harper, The Effect of Z-Pin Configuration on Skin/Stiffener Performance 
(UC). December 2001. 
[40] M. DeCarli, K. Kozielski, W. Tian, and R. Varley, "Toughening of a carbon 
fibe reinforced epoxy anhydride composite using an epoxy terminated hvper- 
branced modifier, " Composites Science and Technology, vol. 65, pp. 2156 - 
2166,2005. 
[41] R. Mezzenga and L. Boogh, "A review of dendritic hyperbranched polymer as 
modifiers in epoxy composites, " Composites Science and Technology, vol. f 1, 
p. 787,2001. 
BIBLIOGRAPHY 
239 
[42] L. -G. Tang and J. L. Kardos, "A review of methods for improving the interfa- 
cial adhesion between carbon fiber and polymer matrix, " Polymer CompositF.,, 
vol. 18, pp. 100 - 113, February 1997. 
[43] J. Coleman, U. Khan, and Y. Gun'ko, "Mechanical reinforcement of polymers 
using carbon nanotubes, " Advanced Materials, vol. 18. pp. 689 - 706,2006. 
[44] M. Cadek, J. Coleman, and V. Barron, "Morphological and mechanical prop- 
erties of carbon-nanotube-reinforced semicrystalline and amorphous polymer 
composites, " Applied Physics Letters, vol. 81, no. 27, pp. 5123 - 5125,2002. 
[45] L. Schadler, S. Giannaris, and P. Ajayan, "Load transfer in carbon nanotube 
epoxy composites, " Applied Physics Letters, vol. 73, pp. 3842 - 3844, Decem- 
ber 1998. 
[46] I. Herszberg and T. Weller, "Impact damage resistance of buckled car- 
bon/epoxy panels, " Composite Structures, vol. 73, pp. 130 - 137,2006. 
[47] K. Rugg, B. Cox, and R. Massabo, "Mixed mode delamination of polymer 
composite laminates reinforced through the thickness by z-fibers, " Composites 
Part A, vol. 33, pp. 177 - 190,2002. 
[48] X. Sun, M. D. Wood, and L. Tong, "A parametric study on the design of 
stitched laminated DCB specimens, " Composite Structures, vol. 75, pp. 72 - 
78,2006. 
[49] F. Aymerich, P. Priolo, and C. Sun, "Static and fatigue behaviour of stitched 
graphite/epoxy composite laminates, " Composites Science and Technology, 
vol. 63, pp. 907 - 917,2003. 
[50] L. Byrd and V. Birman, "Effectiveness of z-pins in preventing delamination of 
co-cured composite joints on the example of a double cantilever test, " Com- 
posites Part B, vol. 37, pp. 365 - 378,2006. 
[51] D. D. Cartie, M. Troulis, and I. K. Partridge, "Delamination of z-pinned car- 
bon fibre reinforced laminates, " Composites Science and Technology, vol. 66. 
pp. 855 - 861,2006. 
[52] E. Greenhalgh, A. Lewis, R. Bowen, and M. Grassi, "Evaluation of toughening 
concepts at structural features in CFRP - part I: Stiffener pull-off, " Composite 
Part A: Applied Science and Manufacturing, vol. 37, pp. 1521-1335,2006. 
BIBLIOGRAPHY '140 
[53] P. J. Hogg, "Toughening of thermosetting composites with thermoplastic Ii- 
bres, " Materials Science and Engineering A, vol. 412, pp. 97, - 103,200-5. 
[54] P. Chang, A. Mouritz, and B. Cox, "Flexural properties of z-pinned lami- 
nates, " Composites Part A, vol. 38, pp. 244 - 251.2007. 
[55] G. Ratcliffe, James and R. Krueger, "A finite element analysis for predicting 
mode I-dominated delamination growth in laminated structure with through- 
thickness reinforcement, " in American Society of Composites 21st Amutual 
Technical Conference, (University of Michigan-Dearborn), September 2006. 
[56] S. Suh, N. Han, J. Yang, and H. Hahn, "Compression behaviour of stitched 
stiffened panel with a clearly visible stiffener impact damage, " Composite 
Structures, vol. 62, pp. 213 - 221,2003. 
[57] S. Adali, M. Walker, and V. Verijenko, "Multiobjective optimization of lami- 
nated plates for maximum prebuckling, buckling and postbuckling strength us- 
ing continuous and discrete ply angles, " Composite Structures, vol. 3T, pp. 117- 
1307 1996. 
[58] F. Laurin, N. Carrere, and J. -F. Maire, "Laminated composite structures sub- 
jected to compressive loading: A material and structural buckling analysis, " 
Composite Structures, vol. 80, pp. 172-182,2007. 
[59] K. Cheol-Won, L. In-Cheol, K. Chun-Gon, and H. Chang-Sun, "Postbuckling 
and failure of stiffened composite panels under axial compression, " Composite 
Structures, vol. 42, pp. 13-21,1998. 
[60] 0. David-West, D. Nash, and W. Banks, "An experimental study of damage 
accumulation in balanced CFRP laminates due to repeated impact, " Compos- 
ite Structures, vol. doi: 10.1016/j. compstruct. 2007.04.015,2007. 
[61] E. Fuoss, P. V. Straznicky, and C. Poon, "Effects of stacking sequence on 
the impact resistance in composite laminates - part 1: parametric study, " 
Composite Structures, vol. 41, pp. 67 - 77,1998. 
[62] S. Hitchen and R. Kemp, "The effect of stacking sequence on impact 
damage 
in a carbon fibre/epoxy composite, " Composites, vol. 26, pp. 207 - 
214.1995. 
[63] W. Jordan, "Changing the toughness of graphite fiber/resin based compos- 
ites by changing their internal structure, " Composites: 
Part B: Enginf f ring. 
vol. 31, pp. 245-252,2000. 
BIBLIOGRAPHY 241 
[64] M. de Freitas and L. Reis, "Failure mechanisms on composite specimens Sub- 
jected to compression after impact, " Composite Structiur6s, vol. 42. pp. 365- 
373,1998. 
[65] R. M. Jones, Mechanics of Composite Materials. Taylor and Francis, 2nd ed., 
1999. 
[66] E. Rioss, P. V. Straznicky, and C. Poon, "Effects of stacking sequence on 
the impact resistance in composite laminates. part 2: prediction method, " 
Composite Structures, vol. 41, pp. 177 - 186,1998. 
[67] C. Kim, W. Hwang, H. Park, and K. Han, "Stacking sequence optmization of 
laminated plates, " Composite Structures, vol. 39, no. 3-1, pp. 283 -- 288.1997. 
[68] L. Lanzi and V. Giavotto, "Post-buckling optimization of composite stiff- 
ened panels: Computations and experiments, " Composite Structures, vol. 73, 
pp. 208-220,2006. 
[69] S. Nagendra, D. Jestin, Z. Gurdal, R. Haftka, and L. Watson, "Improved 
genetic algorithm for the design of stiffened composite panels, " Computf; rs 
and Structures, vol. 58, no. 3, pp. 543-555,1996. 
[70] J. Park, J. Hwang, C. Lee, and W. Hwang, "Stacking sequence design of com- 
posite laminates for maximum strength using genetic algorithms, " Composite 
Structures, vol. 52, pp. 217 - 231,2001. 
[71] R. Singh, M. Zhang, and D. Chan, "Toughening of a brittle thermosetting 
polymer: Effects of reinforcement particle size and volume fraction, " Journal 
of Materials Science, vol. 37, pp. 781-788,2002. 
[72] A. Baker, S. Dutton, and D. Kelly, Composite Materials for aircraft structure. s. 
AIAA Education Series, 2nd ed., 2004. 
[73] A. Stori and E. Magnus, "An evaluation of the impact properties of carbon 
fi- 
bre reinforced composites with various matrix materials, " in Composites 
Struc- 
tures 2 (I. Marshall, ed. ), Proceedings of the 4th international conference on 
composite structures, (Scotland), Elsevier Applied Science, July 1983. 
[74] S. Yurgartis and S. Sternstein, "A micrographic study of bending 
failure in 
five thermoplastic-carbon fibre composite laminates, " Journal of 1\1aterials 
Science, vol. 23, pp. 1861-1870,1988. 
BIBLIOGRAPHY 
')42 
[75] B. Blackman, A. Kinloch, J. Lee, A. Taylor. R. Agarwal, G. Schueneman. 
and Sprenger, "The fracture and fatigue behaviour of nano-modified epoxy- 
polymers, " Journal of Material Science, vol. 42, pp. 7049-7051.2007. 
[76] B. Johnsen, A. Kinloch, R. Mohammed, A. Taylor. and S. Sprenger, "Tough- 
ening mechanisms of nanoparticle-modified epoxy polymers. - Polymer, vol. 4, -.. 
pp. 530-541,2007. 
[77] A. Kinloch, J. Lee, A. Taylor, S. Sprenger, C. Eger, and D. Egan, "Tough- 
ening structural adhesives via nano- and micro-phase inclusions, " Journal of 
Adhesion, vol. 79, no. 8, pp. 867-873,2003. 
[78] B. Wetzel, F. Haupert, and M. Zhang, "Epoxy nanocomposites with high me- 
chanical and tribological performance, " Composites Sc? en cF and Technology, 
vol. 63, pp. 2055-2067,2003. 
[79] K. Hsiao, "Processing and mechanical properties characterization of hybrid 
thermoset polymer composites with micro-fiber and carbon nano-fiber rein- 
forcements, " 
[80] E. J. Garcia, J. Hart, B. L. Wardle, A. H. Slocum, and D. -J. Shim, "Aligned 
carbon nanotube reinforcement of graphite/epoxy ply interfaces, " in Proceed- 
ings of the 16th International Conference on Composite Materials, (Kyoto, 
Japan), July 8-13 2007. 
[81] S. Zunjarrao and R. Singh, "Characterization of the fracture behaviour of 
epoxy reinforced with nanometer and micrometer sized aluminum particles, " 
Composites Science and Technology, vol. 66, pp. 2296 - 2305,2006. 
[82] E. Armstrong-Carroll and R. Cochran, Improvement of delamination r¬5z. 5- 
tance with carbon nonwoven mat interleaves, vol. 5th of ASTAI STP 1230, 
pp. 124-131. American Society for Testing and Materials, 1995. 
[83] A. Duarte, I. Herszberg, and R. Paton, "Impact resistance and tolerance of 
interleaved tape laminates, " Composite Structures, vol. 47, pp. 7153-758.1999. 
[84] S. Yadav, V. Kumar, and S. K. Verma, "Fracture toughness behaviour of 
carbon fibre epoxy composite with kevlar reinforced interleave. " Alaterials 
Science & Engineering B, vol. 132, pp. 108-112,2006. 
[85] M. Hojo, T. Ando, M. Tanaka, and T. Adachi, "Klodes I and II interlaminar 
fracture toughness and fatigue delamination of CF/epoxy laminates with self- 
BIBLIOGRAPHY 
'143 
same epoxy interleaf, " International Journal of Fatigue. vol. pp. 1154 -11`-x. 
2006. 
[86] J. Cook and J. Gordon, "A mechanism for the control of crack propagation in 
all-brittle systems, " in Proceedings of the Royal Society of London. Serie' A. 
Mathematical and Physical Sciences (1934-1990). vol. 344, pp. 287-302. June 
24 1975. 
[87] W. Cantwell and J. Morton, "The impact resistance of composite materials - 
a review, " Composites, vol. 22, pp. 347-362, September 1991. 
[88] M. C. Y. Niu, Composite Airframe Structures. Conmilit Press Ltd. 1992. 
[89] M. K. Cvitkovich, R. Krueger, T. K. O'Brien, and P. J. Minguet, "Debond- 
ing in composite skin/stringer configurations under multi-axial loading, " in 
Proceedings of the 13th Annual Technical Conference on Composite Matt vials, 
(Baltimore, Maryland), September 21-23 1998. 
[90] M. Guo, I. Harik, and R. W. X., "Buckling behaviour of stiffened laminated 
plates, " International Journal of Solids and Structures, vol. 39, pp. 3039-30,5; ), 
2002. 
[91] L. Jian and J. K. Sen, "Analysis of frame-to-skin joint pull-off tests and predic- 
tion of the delamination failure, " in 42nd AIAA/ASME/ASCE/. 4HSA/ASC 
Structures, Structural Dynamics, and Materials Conference and Exhibit, (Seat- 
tle, WA), April 2001. 
[92] P. J. Minguet and T. K. O'Brien, "Analysis of test methods for characterizing 
skin/stringer debonding failures in reinforced composite panels, " Composite 
Materials: Testing and Design, vol. 12, pp. 105-124,1996. 
[93] P. J. Minguet and T. K. O'Brien, Analysis of Composite Skin/Stringer Bond 
Failure Using a Strain Energy Release Rate Approach. 
[94] R. Martin, "Local fracture mechanics analysis of stringer pull-off and delam- 
ination in a post-buckled compression panel, " Applied Composite 
Materials, 
vol. 3, pp. 249-264,1996. 
[95] J. H. Starnes, N. F. Knight, and M. Rouse, "Postbuckling behaviour of selected 
flat stiffened graphite-epoxy panels loaded in compression, 
" AL44. vol. 23. 
no. 8, pp. 1236-1246,1985. 
BIBLIOGRAPHY 
'244 
[96] K. Stevens, S. Specht, and G. Davies. "Postbuckling failure of carbon epoxy 
compression panels, " in Proceedings of ICCM-11, (Gold Coast. Australia), 
pp. 695-706,14th - 18th July 1997 1997. 
[97] B. Geier, Buckling and Postbuckling Behaviour of Composite Panels. Garteur, 
April 1987. Garteur Report TP029. 
[98] K. Creath and J. Wyant, "Moire and fringe projection techniques. " in Optical 
shop testing (D. Malacara, ed. ), NewYork: Wiley, May 1992. 
[99] P. L. Reu, G. W. Wellman, and B. R. Rogillio, "Stable crack growth mea- 
surement using DIC as a tool for model validation, " in Proceedings of thi 
2007 SEM Annual Conference and Exposition on Experimental and Applied 
Mechanics, (Springfield, Massachusetts, USA), June 4-6 2007. 
[100] A. Asundi and H. North, "White-light speckle method - current trends, " Optics 
and Lasers in Engineering, vol. 29,159-169 1998. 
[101] F. Hild and S. Roux, "Digital image correlation: from displacement mea- 
surement to identification of elastic properties -a review, " Strain, vol. 42, 
pp. 69-80,2006. 
[102] Y. Akkaya, M. Ghandehari, and S. Shah, "Observing the multiple cracking 
of FRC composites by electronic speckle pattern interferometry, " (15th ASCE 
Engineering Mechanics Conference, Colombia University, New York), June 2-5 
2002. 
[103] J. Han and T. Siegmund, "A combined experimental-numerical investigation 
of crack growth in a carbon-carbon composite, " Fatigue and Fracture of En- 
gineering Material Structures, vol. 29, pp. 632-645,2006. 
[104] B. Wan, M. Sutoon, M. Petrou, K. Harries, and N. Li, "Investigation of bond 
between fiber reinforced polymer and concrete undergoing global mixed mode 
I/II loading, " Journal of Engineering Mechanics, pp. 1467-1475, December 
2004. 
[105] S. Bergonnier, F. Hild, and S. Roux, "Digital image correlation used for me- 
chanical tests on crimped glass wool samples, " Journal of Strain Analysis. 
vol. 40, no. 2, pp. 185 - 197,2005. 
[106] GOM GmbH, Aramis 5.4 User Manual, 2005. 
BIBLIOGRAPHY 
[107] P. Patel, "Characterising the behaviour of non-linear. soft and sandwich mate- 
rials using digital speckle photogrammetry (DSP ). " Master's thesis, Imperial 
College, June 2005. 
[108] A. Godara and D. Raabe, "Influence of fiber orientation on global mechanical 
behaviour and mesoscale strain localization in a short glass-fiber-reinforced 
epoxy polymer composite during tensile deformation investigated using digital 
image correlation, " Composites Science and Technology, no. 1, p. 5,2007. 
[109] D. M. McGowan and D. R. Ambur, "Full-field structural response of compos- 
ite structures: analysis and experiment, " in 44th A L4 A/A S, 1IE/A SCE, A HS 
Structures, Structural Dynamics and Materials Conference, (Norfolk, Vir- 
ginia), 7-10 April 2003. 
[110] D. M. Revilock Jr., J. C. Thesken, T. E. Schmidt, and B. S. Forsythe, "Three- 
dimensional digital image correlation of a composite overwrapped pressure 
vessel during hydrostatic pressure tests, " Tech. Rep. NASA, / T I-2007-214938, 
NASA, 2007. 
[111] J. Brillaud and F. Lagattu, "Limits and possibilities of laser speckle and white- 
light image-correlation methods: theory and experiments, " Applied Optics, 
vol. 41, pp. 6603 - 6613, November 2002. 
[112] F. Lagattu, J. Brillaud, and M. -C. Lafarie-Frenot, "High strain gradient mean 
surements by using digital image correlation technique, " Materials Character- 
ization, vol. 53, no. 1, pp. 17 - 28,2004. 
[113] D. Lecompte, A. Smits, S. Bossuyt, H. Sol, J. Vantomme, D. Van Hemelrijck, 
and A. Habraken, " Quality assessment of speckle patterns for digital image 
correlation, " Optics and Lasers in Engineering, vol. 44, pp. 1132 - 1145,2006. 
[114] D. Lecompte, J. Vantomme, and H. Sol, "Crack detection in a concrete beam 
using two different camera techniques, " Structural Health Monitoring, vol. 5, 
no. 1, pp. 59-68,2006. 
[115] J. J. Dai, X. D. Liang, and X. F. Yao, "Study of cracked unidirectional glass 
fiber-reinforced composites by digital speckle correlation method, " Journal of 
reinforced plastics and composites, vol. 24, no. 16, pp. 1737-1746.2005. 
[116] M. N. Nahas, "Survey of failure and post-failure theories of laminated fiber- 
reinforced composites, " tech. rep., ASTBI, 1986. 
BIBLIOGRAPHY -46 
[117] F. Paris, "A study of failure criteria of fibrous composite materials. " 
NASA/CR-2001-210661, March 2001. 
[118] C. Sun, "Strength analysis of unidirectional composites and laminates. " Com- 
prehensive Composite Materials, ISBN (set) 0-08 0429939, Volume I, 2000. 
[119] S. W. Tsai and E. W. Wu, "A general theory of strength for anisotropic 
materials, " Journal of Composite Materials, vol. 5, pp. 58-80, January 1971. 
[120] A. Puck and H. Schurmann, "Failure analysis of FRP laminates by means of 
physically based phenomenological models, " Composites Science and Technol- 
ogy, vol. 58, pp. 1045-1067,1998. 
[121] S. T. Pinho, C. G. Davila, P. P. Camanho, L. Iannucci, and P. Robinson, "Fail- 
ure models and criteria for FRP under in-plane or three-dimensional stress 
states including shear non-linearity, " tech. rep., NASA/TIN 1-2005-213530, 
2005. 
[122] L. N. McCartney, "Predicting transverse crack formation in cross-ply lami- 
nates, " Composites Science and Technology, vol. 58, pp. 1069-1081,1998. 
[123] P. Camanho, C. Davila, and S. Pinho, "Fracture analysis of composite co- 
cured structural joints using decohesion elements, " Fatigue Fract Engng Mater 
Struct, 2004. 
[124] C. G. Davila and P. P. Camanho, "Analysis of the effects of residual strains 
and defects on skin/stiffener debonding using decohesion elements, " in 44th 
AIAA/ASME/ASCE/AHS Structures, Structural Dynamics and Materials 
Conference (AIAA, ed. ), (Norfolk, Virginia), 2003. AIAA 2003-1465. 
[125] C. Jayatheertha and J. Webber, "Effect of stacking sequence and thickness 
on the interlaminar stresses for quasi-isotropic laminated plates with a 
hole, " 
Composites Science and Technology, vol. 51, pp. 601-611,1994. 
[126] G. Romeo, "Experimental investigation on advanced composite-stiffened 
structures under uniaxial compression and bending, 
" AIAA Journal, vol. 24. 
pp. 1823-1830, November 1986. 
[127] E. Greenhalgh, C. Meeks, A. Clarke, and J. Thatcher. The performance 
of post-buckled CFRP stringer-stiffened panels containing 
defects and dam- 
age, " in 44th AIAA Structures, Structural Dynamics and 
Materials Conferenct 
(AIAA, ed. ), (Norfolk), April 2003. 
BIBLIOGRAPHY 24 
[128] N. Knight Jr. and J. Starnes Jr., "Postbuckling behaviour of selected curved 
stiffened graphite-epoxy panels loaded in axial compression. " . 4I. 4.4, vol. 26. 
no. 3, pp. 344-352,1988. 
[129] R. Krueger, "Virtual crack closure technique: History, approach and applica- 
tions, " Appl Mech Rev, vol. 57, pp. 109-143, March 2004. 
[130] R. Thomson and M. Scott, "Modelling delaminations in postbuckling stiffened 
composite shear panels, " Computational Mechanics, vol. 26, pp. 75-89.2000. 
[131] J. Van Rijn and J. Wiggenraad, A Seven-Point Bending Test to Determine the 
Strength of the Skin-Stiffener Interface in Composite . 
4ircraft Panels. National 
Aerospace Laboratory, NLR, 2000. NLR Technical Report NLR-TP-2000-044. 
[132] B. Falzon, K. Stevens, and G. Davies, "Postbuckling behaviour of a blade- 
stiffened composite panel loaded in uniaxial compression, " CompositE. ': Part 
A, vol. 31, pp. 459-468,2000. 
[133] E. Greenhalgh, C. Meeks, A. Clarke, and J. Thatcher, "The effect of defects on 
the performance of post-buckled CFRP stringer-stiffened panels, " Composites: 
Part A, vol. 34, pp. 623-633,2003. 
[134] R. Stevens, K. A. and Ricci and G. Davies, "Buckling and postbuckling of com- 
posite structres, " Composites, vol. 26, no. 3, pp. 189-199,1995. 
[135] L. Asp, Effects of Code and Geometry Corrections on the DA_lJOCLES anal- 
ysis results - DAMOCLES Task 9 Deliverable. December 2000. 
[136] M. Troitsky, Stiffened Plates: Bending, Stability and Vibrations. Elsevier, 
1976. 
[137] A. C. Orifici, R. Thomson, I. Herszberg, T. Weller, R. Degenhardt, 
and J. Bayandor, "An analysis methodology for failure in postbuckling 
skin/stiffener interfaces, " Composite Structures, vol. 86, pp. 186-193. Novem- 
ber 2008. 
[138] B. D. Davidson, L. Yu, S. D. Lundberg, and L. M. Rao, "Accuracy assess- 
ment of a three-dimensional, crack tip element based approach 
for predicting 
delamination growth in stiffened-skin geometries, " International 
Journal of 
Fracture, vol. 132, pp. 1-32,2005. 
[139] I. Paris, R. Krueger, and T. O'Brien, "Effect of assumed damage and 
location 
on the delamination onset predictions for skin-stiffener 
debonding, " in Predic- 
BIBLIOGRAPHY 
? 4ý 
tions for Skin-Stiffener Debonding, AHS International StmicturE Specialist, ' 
Meeting, 2001. 
[140] A. C. Orifici, S. Shah, I. Herszberg, A. Kotler, and T. Weller. "Failure analysis 
in postbuckled composite T-sections, " Composite Stru ctu rE s. vol. 86, pp. 146- 
153, November 2008. 
[141] A. C. Orifici, R. Thomson, R. Degenhardt, A. Kling, K. Rohwer, and J. Bavan- 
dor, "Degradation investigation in a postbuckling composite stiffened fuselage 
panel, " Composite Structures, vol. 82, pp. 217-224,2008. 
[142] R. Degenhardt, A. Kling, K. Rohwer, A. C. Orifici, and R. Thomson, "De- 
sign and analysis of stiffened composite panels including post-buckling and 
collapse, " Computers and Structures, vol. 86, pp. 919-929,2008. 
[143] T. Ireman and L. E. Asp, "Efficient design and certification of advanced com- 
posite structures, " Air and Space Europe, no. 3/43, pp. 126 - 128,2001. 
[144] E. Greenhalgh, A. Clarke, and J. Thatcher, Mechanical Evaluation of Stringer 
Stiffened Panels Tested Under Compression - Contribution to EDA V COS. 
DERA, August 2000. 
[145] E. Greenhalgh and C. Loader, Failure Analysis of Stringer-Stiffened P«n. E-ls 
Tested Under Compression - Contribution to EDAI'COS Deliverable. DER:, 
April 2001. 
[146] E. Greenhalgh, "EDAVCOS: Overview of test results - EDAVCOS deliverable 
D3.3.1 - UC, " tech. rep., DERA, June 2001. 
[147] E. Greenhalgh, Overview of Failure Analyses - EDAVCOS Deliverable dS. 4.1 
- UC. July 2001. 
[148] C. Meeks, E. Greenhalgh, and B. G. Falzon, "Stiffener debonding mechanisms 
in post-buckled CFRP panels, " Composites Part A, vol. 36, pp. 934 - 946. 
2005. 
[149] E. Greenhalgh, "Mechanical evaluation of CFRP stiffened panels designed for 
impact damage tolerance (U) DAMOCLES task 5 deliverable, " tech. rep., 
Qinetiq, August 2002. QINETIQ/FST/TR023420. 
[150] J. Van Rijn and J. Wiggenraad, Finite Element Modeling and 4nalysi,, Tf ,t 
Correlation for SAAB/FFA/NLR Benchmark Panels. N ational Aerospace 
BIBLIOGRAPHY 
2t 
.ý 
Laboratory NLR, 2001. NLR Technical Report N LR-TR-2001-144, Contri- 
bution to EDAVCOS. 
[151] E. S. Greenhalgh, "Private communication. " Imperial College, July 200. 
[152] J. Van Rijn, Failure Criterion for the Skin-Stiffener Interface in Composite 
Aircraft Panels. National Aerospace Laboratory NLR. 1998. NLR Technical 
Report NLR-TP-98264. 
[153] R. Krueger and M. K. Cvitkovich, Testing and Analysis of Composite 
Skin/Stringer Debonding Under Multi-Axial Loading. NASA, 1999. NASA 
Technical Memorandum NASA/TM-1999-209097. 
[154] H. Thuis and J. Wiggenraad, Investigation of the Bond Strength of a Discr oc 
Skin-Stiffener Interface. NLR, 1992. 
[155] E. Greenhalgh, Evaluation of Toughening Concepts at Structural Features iu 
CFRP (UC). Qinetiq, February 2002. QINETIQ/FST /SMMIC/TR013828. 
[156] J. Van Rijn, Design Guidelines for the Prevention of Skin-Stiffener Debonding 
in Composite Aircraft Panels. ASC, 2000. 
[157] M. Koundouros, In-Plane Compressive Behaviour of Stiffened Thin-Skinned 
In-Plane Compressive Behaviour of Stiffened Thin-Skinned In-plane compres- 
sive behaviour of stiffened thin-skinned composite panels with a stress concen- 
trator. PhD thesis, Imperial College, London, 2004. 
[158] R. Cope and R. Pipes, "Design of the composite spar-wingskin joint, " Com- 
posites, 1982. 
[159] P. LeBoulluec, C. W. S., and M. Filips, "Stiffener attachment of composite 
structures, " MD Durability of Composite Materials, ASME, vol. 51, pp. 147-- 
158,1994. 
[160] L. J., "Three-dimensional effect in the prediction of flange delamination in 
composite skin-stringer pull-off specimens, " in ASC, 2000. 
[161] A. Rispler, G. Steven, and T. L. Y., "Failure analysis of composite T-joints 
including inserts, " Journal of Reinforced Plastics and Composites, vol. 16, 
pp. 1642-1658,1997. 
[162] R. Krueger, I. L. Paris, T. K. O'Brien, and P. J. Minguet, "Comparison of 
2D finite element modeling assumptions with results from 3D analysis for 
BIBLIOGRAPHY 
230 
composite skin-stiffener debonding, " Composite Stractu re . ý. vol. . 57. pp. 161- 
168,2002. 
[163] S. Singh and E. Greenhalgh, "Micromechanisms of interlarninar fracture in 
carbon fibre reinforced plastics at multidirectional ply interfaces under static 
and cyclic loading, " Plastics, Rubber and Composites Processing and Applica- 
tions, vol. 27, no. 5, pp. 220-226,1998. 
[164] D. F. Villalba, "EDAVCOS: Stringer run-outs - overview of test results, " tech. 
rep., C. A. S. A., June 2000. 
[165] T. Moeller, "Private communication. " Gom GmbH, May 2007. 
[166] A. Clarke, R. J. C. Creemers, A. Riccio, and C. Williamson, "Damocles 2 
- Structural analysis and optimisation of an `all composite' damage tolerant 
wingbox, " (European Conference for Aerospace Structures, Moscow), 4-7 July 
2005. 
[167] Hexcel, HexTourTM IM7 (5000) Carbon Fiber Product Data. 
http: //www. hexcel. com/Products/Downloads/Carbon+Fiber+Dat a+Sheets 
. 
htm? ds=Continuous. 
[168] Hexcel, HexT0WT M AS4 Carbon Fiber Product Data. 
[169] Hexcel, Hexply 8552 Product data. 
http: //www. hexcel. com/Products/Downloads/Prepreg%20Data 
[170] Hexcel, Hexply 6376 Product Data. 
http: //www. hexcel. com/Products/Downloads/Prepreg%20Data 
[171] Anaglyph Ltd, London, UK, Laminate Analysis Program v. 4.0. 
[172] Cytec Engineered Materials, FM300 High Shear Strength Modified Epoxy Ad- 
hesive - Datasheet. 
http: //www. cytec. com/engineered-materials/products/FM30O. htm. 
[173] A. Clarke, "Qinetiq. " Private communication, 11 August 2006. 
[174] Cytec Engineered Materials, FM300-2 Dual cure capable. film adht- 
sive/surfacing film - datasheet. 
http: //www. cytee. com/engineered-materials/products/F 1300-2. htm. 
[175] Dassault Systemes Simulia Corp., ABAQUS 6.4 Documentation. 
[176] E. Greenhalgh, Failure Analysis of Composites. 2003. 
BIBLIOGRAPHY 251 
[177] J. Li, S. M. Lee, E. W. Lee, and T. K. O'Brien, "Evaluation of the edge crack 
torsion ECT test for mode III interlaminar fracture toughness of laminated 
composites, " Journal of Composites Technology and Research, vol. 19, no. 3, 
1997. 
WL 
rArmoN 
oiat 
